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Abstract

Future telecommunication generations require semiconductor technologies
that can deliver large RF power to the antenna with excellent efficiency
and linearity at RF and mm-wave frequencies. For these applications, the
widespread CMOS technology platform is outperformed by wide bandgap
semiconductors such as GaN. In order to deploy GaN circuits in infras-
tructure and user equipment, its heterointegration on Si substrates brings
the advantage of large-area wafer availability and lower cost than other,
better-suited substrates such as SiC. However, the Si substrate suffers from
parasitic conductivity that can couple to the overlying circuitry and degrade
its performance.

This thesis proposes a systematic analysis of the substrate RF perfor-
mance of GaN-on-Si substrates, at all levels of the material stack. The
main goal of this work is to understand the different contributions to the
degraded substrate performance.

To do so, several characterization and modelling methods are used. The
existing RF substrate characterization techniques are extended by allowing
the measurement of the drift of effective resistivity and harmonic distor-
tion over time when the substrate is stressed. Interface characterization
techniques are applied to the particular case of high resistivity Si-based
substrates with thick dielectrics. Physics-based models are developed to de-
scribe the experimental observations and predict the impact of the substrate
on RF circuits.

The key message of this dissertation is that contributions to the substrate-
related parasitic effects emerge at all levels of the GaN-on-5Si material stack.
In Si, the undesired diffusion of group III atoms changes the doping, along
with the thermal activation of bulk dopants during the various process steps.
The interface between Si and the III-N layers also significantly contributes,



with the formation of charge that is highly dependent on process conditions.
The text bridges between material characterization, electrical properties
and modelling to explain the observed effects. Finally, the semiconducting
nature of the upper buffer layers leads to an entirely new phenomenon,
where the slow movement of charge trapped in deep levels related to C
doping changes the substrate RF figures of merit over time. A fundamental
approach is taken to explain this behavior.

RF circuits can be significantly affected by a lossy, non-linear substrate.
Two important application for GaN-on-5i are focused upon. The RF switch
suffers from the harmonic distortion induced by the substrate, requiring a
co-optimization of the substrate and the device to reach high linearity. For
the power amplifier, power dissipation in the substrate takes place which
reduces the efficiency of the transistor.

More practically, this thesis contributes to the field of GaN-on-Si by
providing guidelines to consistently fabricate high-performance substrates.
Controlling the parasitic doping in Si and the charge at AIN/Si interface are,
together, the key to low-loss GaN-on-5i. Specifications on substrate effective
resistivity can also be reached, giving targets to the epitaxial development.
At the same time, attention must be given to limit the environmental impact
of GaN-on-5i, which is for the moment higher than state-of-the-art Si-based
substrates.
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Introduction

Context

Technological requirements for wireless telecommunication are becoming
more stringent with the advent of future generations such as 5G or 6G.
These future generations are characterized by a growth of data traffic (by
increase of the number of connected devices or by the amount of data
being exchanged), which requires an increased bandwidth as well as the
advent of complex modulation schemes. Transmission of data under those
constrains requires highly linear components, in order to accurately dis-
criminate symbols in the modulation constellations (characterized by high
peak-to-average ratios) and to prevent spreading to adjacent channels.

Consequently, the power amplifier found in the front-end-module will
need to function at a large back-off from its saturation power. To achieve ac-
ceptable signal-to-noise ratios, the technology on which the power amplifier
is based should enable a large power output. At the same time, it should
be efficient to minimize power loss. As the overall power consumption of
the cellular network increases, a high efficiency can represent significant
savings, both financially and in terms of greenhouse gases emissions.

The semiconductor technology landscape offers different candidates
to realize these circuits. A survey of recent literature shows that in the
frequency bands of interest, the traditional Si-based power amplifiers are
outperformed by other technologies based on III-V or III-N semiconductors
such as GaN (Fig. 1a). GaN shows attractive material properties which
allow high electric fields, high current and high power density (Fig. 1b)".

The output power figure of merit for benchmarking semiconductor materials is defined as

— 2 esWe
FoM = JFoM 87

[1].

(1 — % ) , where J[FoM is the commonly used Johnson figure of merit
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However, bulk GaN wafers are currently not available at a reasonable
cost. The material is typically integrated heterogeneously as a thin film
on a different substrate, namely SiC or, in the early stages of development,
sapphire. These solutions are costly, and prevent the penetration of GaN
into more large-scale applications such as user equipment.

GaN-on-Si proposes to overcome these limitations by combining the
attractive GaN technology with the low cost and maturity of CMOS tech-
nology, also offering large-area wafers. Potentially, other components of the
front-end module such as the RF switch or the low-noise amplifier could
also benefit from this platform.

While the power performance of GaN devices integrated on Si wafers is
becoming more and more competitive, a suitable platform for RF applica-
tions must also limit the losses, crosstalk and non-linearities along the signal
path. Although part of these parasitic effects are linked to the transistor, the
engineered substrate plays a pivotal role. In particular, the use of a semi-
conducting substrate such as Si leads to a degradation of the RF substrate
properties compared to standard substrates [2]. Poor substrate performance
is known to alter the functioning of a wide variety of components in the RF
front-end-module.

¢ Interconnects suffer from signal loss and distortion.

* Digital switching noise can propagate through the substrate and inter-
fere with other devices.

* RF switches experience additional non-linearities originating in the
substrate.

* RF power dissipates in the substrate during large-signal operation of
the power amplifier, degrading its efficiency.
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Fig. 1 GaN power amplifiers outperform Si in terms of saturated power while
maintaining high efficiency. This is owing to the superior material properties of
GaN, showing a almost 100-fold improvement in the ouput power figure of merit

compared to Si.



| Contents

Objectives of this thesis

The GaN-on-5i stack presents more substrate-induced parasitic effects than
its competitors based on semi-insulating substrates. To help enable the
adoption of GaN-on-Si as a relevant candidate for RF and mm-wave circuits,
it is important to improve the substrate performance.

To that aim, this thesis considers three scientific questions.

Understanding What are the main contributions to degraded substrate perfor-
mance in GaN-on-Si and what is the role played by the complex epitaxial stack in
it?

Predicting To what extent does the substrate affect the functioning and figures of
merit of key target applications for RF GaN-on-Si, namely the RF switch and the
power amplifier? what are the substrate specifications for a limited impact?

Improving How can engineers tune the fabrication process to ensure the manu-
facturing of high-performance GaN-on-Si substrates?

In order to answer these questions, significant methodological contribu-
tions are needed, that can percolate beyond the case of GaN-on-Si. Charge
movement in semiconductor stacks must be understood and modelled,
which is backed by strong insights on the material physics. Characterization
techniques existing (e.g. for SOI substrates) are extended and generalized to
any Si-based RF substrate. Novel modelling approaches are also developed.

Because the issue stems from the materials and has effects up to the
circuit level, this work bridges between semiconductor physics, TCAD,
electrical modelling, and electrical characterization.

Finally, an additional transversal scientific question is considered to help
establish a more sustainable RF technology landscape.

Assessing What is the environmental impact of GaN-on-Si compared to other
competing technologies that offer state-of-the-art substrate performance?
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Outline: the GaN-on-Si epitaxial stack

This thesis is structured as an analysis of every level of the GaN-on-5i
material stack, from bottom to top, from the perspective of substrate-related
parasitic effects. Its outline is represented schematically in Fig. 2.

Chapter 1 begins by presenting the main RF characterization techniques
aimed at measuring the performance of Si-based substrates. The Si substrate
is discussed in detail together with its contributions to RF loss. The impact
of various steps of the GaN-on-Si process on the substrate performance is
studied. The evolution of Si with temperature, which can be elevated under
high power-density GaN HEMTs, is also examined.

Chapter 2 focuses on the region which mostly determines substrate perfor-
mance, namely the AIN nucleation layer and its interface with Si. Experi-
mental techniques available to characterize the interface are presented and
tested. Then, the engineering of this interface to minimize substrate loss
is discussed. The important effect of a process parameter on the interface
charge is demonstrated and modelled.

Chapter 3 provides an in-depth study of the effect of the upper III-N layers
on the performance of the overall substrate. The semi-insulting nature of
these materials leads to charge redistribution mechanisms, which are first
analyzed from a theoretical point of view. Then, two novel characterization
setups are introduced to experimentally demonstrate the time dependence
of substrate performance. These effects are finally reproduced in a TCAD
environment.

Chapter 4 discusses the impact of the GaN-on-Si substrates on two func-
tional blocks of importance for applications in front-end modules. First,
the contribution of substrate-induced harmonic distortion on the linearity
of RF Switches is presented by comparing common-gate HEMT and CPW
structures. Secondly, the power loss caused by a lossy substrate under the
HEMT is measured and modelled to predict the PAE penalty caused by the
substrate.

Chapter 5 takes a step back and offers a comparative life cycle analysis of
different Si substrates. The place of GaN-on-Si in a landscape of Si-based
RF substrates is discussed from an ecological standpoint. An alternative
option to prevent substrate loss is presented in the form of GaN-on-Porous
Si. Global conclusions from this thesis are finally taken.
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Chapter 5: Comparative life-cycle analysis, perspectives and
conclusions

HEMT Active layers A

Chapter 4: Impact of the
substrate on GaN-on-Si RF
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Introduction

The technological choice of using a Si wafer as a substrate for the epitaxial
growth of GaN, rather than more traditional options such as SiC and sap-
phire, is driven by low cost and availability of large-area wafers. However,
it brings additional challenges. These difficulties originate from the material
properties of Si, which are compared to other substrates in Table 1.1.
Firstly, the lattice mismatch of Si to GaN is the highest among the three
substrates. This renders the growth of GaN more challenging and originally
led to a more defective GaN layer. Secondly, the thermal conductivity of
Si is relatively low compared to SiC. Since the main target applications for
GaN within the RF space are power amplifiers which dissipate heat (power
amplifiers are not ideally efficient), thermal management can become an
issue in GaN-on-5i devices. Finally, the resistivity of Si is finite. High resis-
tivity (HR) Si is used in this thesis, which is defined by a resistivity above
3kQ - cm, or a doping level below 4 x 102 cm 3 for p-type Si. This brings
the entirely new concern of substrate-induced parasitic effects. Crosstalk,
substrate loss and non-linearities all originate in the semiconducting Si
wafer. Such an issue is unheard of in traditional GaN circuits, but is well
known in the realm of radio frequency silicon on insulator (RFSOI) circuits
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Material HR Si SiC  Sapphire GaN
Lattice constant (nm) 0.54 0.31 048 0.32
Thermal Conductivity (W/cm K) 1.56 49 0.23 2.1
Resistivity (Q) - cm) >3k > 107 > 101

Table 1.1 Material properties of different substrates for GaN epitaxy. Data
taken from [11].

[4]. For the SiO,/Si system, the use of high resistivity Si has been proposed
to decrease the associated loss and crosstalk [5]. However, the effective
resistivity (p.fs) sensed by the circuits stays orders of magnitude below
the nominal resistivity of the substrate due to the formation of a parasitic
surface conduction (PSC) layer close to the Si surface [6], [7]. In SOI, the
PSC layer originates due to the presence of fixed charges at the SiO,/Si
interface, which attract a large concentration of free carriers at the surface.
The suppression of the PSC layer using an engineered trap-rich layer below
the oxide has been a key enabler in the deployment of RFSOI technology
for RF switches [8]-[10]. GaN-on-Si stacks exhibit a similar effect with
similar consequences, although its origin is different. Also, the mitigation
techniques used in RFSOI cannot be easily transferred to GaN-on-5i.

In this chapter, the investigation of the substrate-related effects begins
with the bottom most layer, the starting Si wafer. In Section 1.2, a brief
description of the GaN technology is given, with an emphasis of the specific
aspects related to the use of a HR Si wafer. The epitaxial and thermal
challenges are introduced.

In Section 1.3, the RF characterization methods employed throughout
this thesis are introduced. The small-signal figure-of-merit p, s and the
large-signal harmonic distortion (HD) measurement are the two important
tools that allow the quantification of substrate performance.

Section 1.4 investigates the impact of several important parameters of the
GaN-on-5i process on substrate performance. The main cause for degraded
Pefr is presented along with the effects of several high-temperature steps
on the electrical characteristics of the Si substrate.

Finally, Section 1.5 tackles the stability of substrate performance with
temperature. Because of the high power density of GaN circuits, it is
important to understand the different mechanisms leading to change in p, ¢
and HD as the operating temperature increases.
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GaN-on-Si technology for 5G and beyond front-end-
modules

In this section, the necessary information is provided about GaN-on-5i tech-
nology. An overview of the different integration approaches is presented.
Epitaxial growth, which has important influence on RF performance of
the substrate, is discussed. The architecture of a high electron mobility
transistor (HEMT) is briefly described with its functioning principle. Finally,
some target applications for GaN-on-Si are important to mention as they
determine the need for high-performance RF substrate.

GaN heterogeneous integration schemes

Because no bulk GaN substrates are available, RF GaN electronics have
been enabled by heterointegration, i.e. integration of a GaN film on a
different substrate. The earliest GaN HEMTs developped in the 1990’s
were integrated by heteroepitaxy on Al,O3 (sapphire) substrates [12]. The
epitaxial route was pursued, and the substrate material was changed to
SiC for its higher thermal conductivity allowing record power density, and
finally to Si which constitutes the subject of this thesis. However, other
integration schemes currently exist at various stages of maturity.

GaN-on-S0I

GaN HEMTs have been successfully fabricated by heteroepitaxy on SOI
wafers, in which the top Si film (~ 10 pm-thick) is oriented in the (111) direc-
tion to allow a classical GaN-on-5i process flow [13], [14]. GaN-on-SOI (Fig.
1.1a) is an attractive approach from the vertical breakdown voltage, which
is improved compared to a similar epitaxial stack on bulk Si. Furthermore,
it offers potential compatibility with the excellent substrate performance of
SOLI. Indeed, a trap-rich layer could in theory be placed below the buried
oxide. The thermal resistance introduced by the buried oxide is expected to
be a point of concern for the high power densities offered by GalN.

GaN-on-engineered substrate

Another approach, developed by Qromis, consists in replacing the handle
Si wafer by an engineered wafer made out of polycrystalline AIN (Fig. 1.1b)
[15]. Here, the interest for RF lies in the ideal electrical properties of the AIN
wafer and its high thermal conductivity. However, a Si film is still required
for III-N epitaxy. This solution is currently mainly looked into for power
GaN electronics, but could also support RF applications in the future.
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Fig. 1.1 Schematic representation of two alternative integration schemes for RF
GaN.

GaN-on-(semi-)insulator substrates

GaN-on-SiC devices are currently boasting impressive high power perfor-
mance at mm-wave frequencies and are the subject of the most advanced
device optimization research [16], [17]. Because of the semi-insulating prop-
erties of the SiC wafer, the RF performance of the substrate is close to ideal
[2]. Even though GaN-on-SiC constitutes the vast majority of commercially
available GaN electronics, such semi-insulating materials will not be dis-
cussed in the rest of this thesis as they hold less scientific interest from the
substrate loss and non-linearity perspective. This is also the case for insula-
tor materials such as sapphire or diamond, where only dielectric losses can
take place.

1.2.2  Epitaxial growth of GaN-on-Si substrates

GaN thin films can be grown on Si substrates using molecular beam epitaxy
(MBE) or metalorganic chemical vapor deposition (MOCVD). The latter
is seen as the method of choice for large-scale production due to its high
growth rate and scalability. All experimental material in this thesis was
grown using MOCVD. The wafers used are 200 mm, (111) high resistivity p-
type (doped with B) Si wafers fabricated using the Czochralski (CZ) process.
In MOCVD, the III-N layers are formed by the chemical reaction of two
precursors in the vapor phase: one for the group-III component and NH;
for nitrogen. For Al, the precursor is trimethylaluminum (TMAI). For Ga,
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it is trimethylgallium (TMGa). The chemical reaction takes place at high
temperature (800 °C to 1200 °C) and allows the growth of very thin layers
[18]. Two main types of MOCVD reactors exist [19].

Vertical flow reactor. The gases are introduced directly above the wafers
and thus flow vertically;

Horizontal flow reactor. The chemicals are introduced in the center of the
chamber in close proximity to the wafers and then flow radially above
the wafers. This type of reactor is branded as a planetary reactor by
Aixtron.

In this thesis, GaN-on-Si samples are grown using a Veeco vertical flow
reactor in imec’s 200 mm fab, with the exception of the samples in Chapter
2 which are grown in a Aixtron G5 planetary reactor.

The MOCVD process is extremely complex and its complete description
is out of the scope of this thesis. It however important to identify the main
process parameters of importance for substrate performance.

i. The process temperature can be tuned. Growth temperature has a
significant impact on the epitaxial material quality [20], [21]. Further-
more, the thermal budget of MOCVD growth will be shown to be
determining the amount of dopant diffusion in Si.

ii. The Si surface can undergo in-situ pretreatment before the growth
starts. This treatment typically takes the form of the intentional flow-
ing of one of the two precursors (e.g., TMAI) in the reactor chamber
for a certain time.

Because of the large lattice constant mismatch between Si and III-N
layers, significant strain builds up in the stack. This causes wafer bow and
warp but can also lead to wafer breakage. Finally, it should be noted that
processing HR (low-doped) Si wafers complicates the MOCVD growth.
Indeed, Si wafers with low doping are known to be more brittle because
dopant atoms can act as barriers that block dislocations. Consequently, 1.15
mm-thick Si wafers are used for improved mechanical stability, which is
thicker than the industry standard of 725 um.

GaN RF and mm-wave HEMTs

The fundamental building block of GaN circuits is the transistor, which takes
the form of a HEMT. The cross-section of a typical device is shown in Fig.
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Fig. 1.2 The high electron mobility transistor is the basic building block for GaN
circuits.

1.2a, with the corresponding band diagram in Fig. 1.2b. HEMT devices are
based on the formation of a heterojunction between a barrier layer (AlGaN)
and the GaN channel. The presence of surface states at the upper surface of
the AlGaN barrier as well as the spontaneous and piezoelectric polarization
difference between the two materials then gives rise to a 2-dimensional
electron gas (2DEG) at the AlGaN/GaN interface [22], [23]. The 2DEG is
present across the entire wafer and constitutes the channel of the transistor.
Taking advantage of the field effect, it is possible to apply bias on the gate
electrode (separated from the 2DEG by a barrier layer) to turn the transistor
off. GaN HEMTs are depletion-mode, normally-ON devices by design. A
lot of effort is spent on enabling enhancement-mode HEMTs, which are of
high interest for RF circuits as they remove the need for a negative power
supply, thereby reducing the design of the power amplifier circuit [24].

GaN HEMT devices show exceptional high-frequency and high-power
performance. Indeed, the mobility in the undoped GaN material, saturation
velocity and carrier density in the 2DEG is very high, allowing HEMTs
reach outstanding cutoff frequencies. For instance, fy;4x values of more
than 300 GHz have been reported for HEMTs on SiC substrates with 50 nm
gate length in [16], and even above 500 GHz for more aggressive 20 nm
devices in [25]. Recent developments in GaN-on-Si devices are approaching
these values with fj;4x above 170 GHz in [26], [27] or even higher in [28].
The power density reaches 8 W/mm across a wide frequency band (until 94
GHz) for SiC substrates [17]. The current record for GaN-on-Si is getting
competitive with SiC at 6.6 W/mm [27].



GaN-on-Si technology for 5G and beyond front-end-modules |

Target applications for GaN-on-Si

The attractive material properties of GaN make it a particularly relevant
candidate for functional blocks such as the power amplifier, which benefits
from the large power density and efficiency of GaN HEMTs (Fig. 1.3). Very
little GaN-on-S5i is currently commercially deployed, but the application
space is predicted to grow [29].

Three frequency bands for future telecommunication generations are
foreseen to be at least partially filled by GaN-on-5i [29], [30].

1. 5G frequency range 2 (FR2), or 5G mm-wave, with frequency bands
around 28 GHz and 39 GHz.

2. 6G FR3 and bands around 8 GHz and 13 GHz.
3. FR1 or sub-6 GHz 5G, with bands between 3 GHz and 6 GHz

For telecommunication infrastructure, efficiency and linearity are the most
important aspects. GaN-on-5i is competing with GaN-on-SiC for the realiza-
tion of the power amplifier, where it could offer competitive performance
at a lower cost.

In handsets, where cost and chip size are key, GaN-on-Si is expected
to grow, also for the PA block. Here, the competing technologies are the
well-established CMOS and GaAs platforms. GaN-on-5i can offer a higher
power density and efficiency, which allows to reduce the footprint of the
circuit, thereby also reducing RF parasitics (e.g. capacitance). For portable
devices, the potential of integrating GaN devices alongside CMOS is also
interesting [31].
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Fig. 1.3 Semiconductor technologies for 4G and 5G. The application space for
GaN is at the high-power end of the spectrum. Reproduced from [32]. ©2021 IEEE.
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Small- and large-signal characterization methodology

Substrate RF losses in CPW lines

In semiconductor technologies aimed at RF applications such as SOI or
GaN-on-Si, circuits or devices can couple to the conductive Si substrate.
At DC operation, such circuits are isolated from the conductive Si by the
insulating Buried Oxide (BOX) or the semi-insulating III-N buffer for SOI
or GaN-on-Si, respectively. However, as the frequency of the signals being
processed increases, the impedance of those capacitive layers decreases and
the substrate is being sensed by the overlying circuits. This conductive path
leads to loss that can be detrimental to both active and passive devices:

* In RF switches, where a non-zero RF leakage current through the
substrate can exist in the off-state [33];

* In Power Amplifiers (PA), RF power dissipation in the substrate can
lead to a decrease of efficiency (see Chapter 4);

* In inductors, the quality factor can be degraded by a conductive path
between the inductors traces [34];

* In coplanar waveguide (CPW) lines, RF current flowing from the
signal electrode to the ground plane through the substrate causes
insertion loss.

In this section, the focus is put on CPW lines, as they can also be used as a
powerful characterization vehicle to precisely quantify the performance of
the underlying substrate. The CPW line is a commonly used transmission
line topology in modern monolithic microwave integrated circuits (MMIC’s)
[35]. On high resistivity substrates and at frequencies above a few hundreds
of MHz, the CPW line functions in quasi-TEM mode and an infinitesimal
section of it can be described by the equivalent circuit in Fig. 1.4. The
general expression for the propagation constant of such a transmission line
is given by Eq. 1.1 [36].

¥ =a+jp=1/(R+jwL) (G +jwC) (1.1)

When the loss is small, which is the case for most CPW lines studied in
this thesis, the attenuation constant is given by 1.2, where Zy = \/% is the
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Fig. 1.5 Schematic representation of a CPW line and the equivalent circuit elements
representing it. The important dimensions of signal conductor width (W) and slot
width (S) are also indicated.

characteristic impedance of the line.

1/R

“:§<Z+G%) 1.2)

Eq. 1.2 shows that there are two contributions to loss, as represented in Fig.
1.5:

® The resistive part (R), governed by the properties of the metal used to
fabricate the line (thickness, width, material) and the skin effect;

® The conductive part (G), representing substrate losses.

While the attenuation constant can be readily extracted from measured
S-parameters, it should not be used directly for characterizing substrate
performance. Indeed, & contains the resistive component of loss R, and is
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consequently dependent on the CPW processing. Isolating G is required for
fair comparison.

Effective resistivity and parasitic surface conduction layer
Parasitic surface conductance in HR Si-based substrates

There are mostly two ways a PSC layer can originate in HR Si and decrease
the p.fr of the engineered substrate.

Doping The most obvious way to decrease the resistivity of a semiconduc-
tor is to dope it. The PSC layer can be formed by parasitic doping, and
this is the case for GaN-on-Si (see Section 1.4.2). Other possibilities
include contamination by, e.g. B atoms.

Field effect Semiconductor substrates’ carrier concentration depends on
the local electric field. In engineered RF substrates, the field effect orig-
inates from the presence of charges in the dielectric or semi-insulating
layers. This charge can take different forms (interface fixed charge,
ionic charges, polarization charges, trapped charges at different lo-
cations). For SOI substrates, the main cause of degraded substrate
performance is the unavoidable presence of a high density of fixed
interface charges between SiO, and Si. Regarding GaN-on-Si, Chapter
2 discusses interface charges between AIN and Si. In Chapter 3, the
importance of trapped charges in the III-N buffer will be shown.

Definition of the effective resistivity figure of merit

The effective resistivity (p.f) figure-of-merit was introduced to overcome
the limitations of & exposed in Section 1.3.1 [37], [38]. It is given by:

For (DIMS
pepp = 22 d C ), (1.3)

in which G is the measured equivalent shunt conductance (see Fig. 1.4) and
Fyo is a function of the CPW cross section. It represents the distribution of
the field lines in the CPW structure and is originally used to separate the
top and bottom contributions to the capacitance:

C=¢ (er,tothop + 8r,bothot) (1.4)

Fyot is calculated using the closed-form expressions given in [39].
The benefit of using pf is illustrated in Fig. 1.6. The resistive part
of the total loss « is effectively removed. Going a step further than sepa-
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Fig. 1.6 Effective resistivity and insertion loss measured on two different CPW
lines deposited on two identical GaN-on-Si substrates. The use of effective resistivity
allows to probe the substrate loss independently of the CPW metal stack. Repro-
duced from [40]. ©2020 IEEE.

rating R and G, p,fs can be compared with the nominal resistivity of the
HR Si wafer to assess the significance of any PSC layer. For a given CPW
line cross-section (see below), p.fs also represents the resistivity of a ho-
mogeneous substrate leading to the same substrate loss as the physical
non-homogeneous substrate. In that respect, it can also be used to simplify
the material stack in an electromagnetic simulator.

Dimension dependence of p, ¢

Because the F,,; factor in Eq. 1.3 is dependent on the dimensions of the
CPW line, p, s itself changes with dimensions. In Fig. 1.7, the impact of the
spacing between the CPW signal and ground lines (S) is studied for different
substrates and dielectric thicknesses (t4;.;). Non-uniform Si substrates with
higher conductivity at the surface (PSC layer), representing realistic Si after
II-N growth are implemented in a model that will be described in Chapter
4. Realistic values for S range from 3 pm to 50 pm. p,s is averaged in a
frequency range where the quasi-TEM mode exists and which is relevant
for FR2 and FR3 bands (5 GHz - 20 GHz).

For a relatively thin dielectric such as an AIN nucleation layer (dashed
lines), p,rr decreases as S decreases. A smaller S translates into a shallower
penetration of the electric field lines. Because the Si is more conductive
close to the surface, the resistivity seen by the CPW line is smaller. For
the thicker dielectric representing a complete GaN-on-Si stack (continuous
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lines), the same decrease of p, s with decreasing S is observed until S ~10
pm. Then, p,¢s increases. This can be explained by the thickness of the
dielectric, which becomes comparable to S. In this case, the electric field
lines are found in the highly resistive dielectric layer rather than in Si.

In general, a thicker dielectric also shows a higher p, s for a given Si
substrate, simply because the separation between the CPW line and the
conductive substrate is larger. This effect is more noticeable for small
spacings. In the rest of this thesis, the majority of the measured CPW lines
will have S > 30 pm. The standard dimension set being used consist in a
signal trace width of 85 um and a signal-to-ground spacing of 50 pm. For
such S >> tg,;, the effect of dimensions as well as dielectric thickness is
limited.

Substrate-induced harmonic distortion

The complex modulation schemes used in present and future wireless
FEMs imposes stringent requirements on the linearity of these systems.
While some degree of non-linearity is induced by the active devices, the
RF substrate can also significantly contribute [41]. Transmission lines are
affected, but also also active components such as the RF Switch (see Chapter
4).

Semiconductor substrates are non-linear by nature. A CPW line is first
considered. The concentration of free carriers contributing to the G (and, in
a lesser extent, C) terms (Fig. 1.4) is dependent on the bias that is applied on
the metal trace of the CPW line through the so-called field effect. If a large
signal is to be transmitted, the semiconductor substrate sees a time-varying
bias. Provided that the free carriers are given sufficient time to respond, their
concentration will change as a response to the large signal. This leads to a
modulation of G and generates harmonics: the substrate-induced harmonic
distortion (HD).

Substrate HD is measured using a CPW line as test structure in a dedi-
cated setup (Fig. 1.8). A fundamental tone is injected by a vector network
analyzer (VNA) at the input of the CPW line. Because the output power
of the VNA is limited and does not allow measurement of very linear sub-
strates, an external amplifier is included in the path from the VNA to the
DUT. After being amplified by the non-linear amplifier, band pass filters are
inserted before the DUT input to ensure that no harmonics are present. A
power calibration at the DUT input is then required. The power calibration
is performed by connecting the input path (composed of cables, amplifier,



Small- and large-signal characterization methodology |

Power Power VNA Power VNA

VNA ®
Port f f

JL

E

Fundamental

yar

Harmonics

4

Fig. 1.8 Simplified schematic of the harmonic distortion measurement setup.
Filters and internal VNA circuitry are omitted for clarity.

filters) to one of the VNA receivers. The RF power at the VNA output is then
automatically adjusted by a feedback from the VNA receiver to account for
the combination of losses and gain along the path. Furhermore, to correctly
take into account the power loss occurring in the RF probes, subsequent
calibration steps involving a coaxial and an on-wafer Thru standard are
required. The procedure is described in detail in [42]. The fundamental
tone at the output of the CPW line (H1), after being amplified by the PA and
suffering a low amount of loss, is attenuated in a dedicated path to avoid
damaging the VNA receptors. For adequate detection of the second and
third harmonics (H2 and H3), a separate receptor is used without attenuator
after filtering out H1. A simplified schematic of the resulting setup is shown
in Fig. 1.8. The setup used in this work can achieve a maximum input
power of ~25 dBm at the device input and has a noise floor of ~ —120 dBm.

The influence of light on RF measurements

The RF measurements of GaN-on-5Si samples are highly sensitive to ambient
light, as shown in Fig. 1.9. A strong degradation of RF performance is
seen when the sample is not protected from the light. This is caused by
increased generation of free carriers in Si, which is assisted by light passing
through the III-N layers. Consequently, all measurements in this thesis are
performed under dark conditions, which will be the condition the substrate
will be in when integrated in the package.
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Fig. 1.9 The effect of ambient light on the RF measurement results. Due to carrier
photogeneration, the substrate performance is significantly degraded in ambient
light conditions. The sample is a GaN-on-5i stack where growth was stopped after
the GaN channel. CPW dimensions are W/S=85num/50 pm. Courtesy of Incize.
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Influence of process parameters on RF losses and non-
linearities in GaN-on-Si substrates

In this section, the characterization methods described above will be used
to quantify the substrate performance of GaN-on-Si stacks. First, the change
in bulk Si conductivity during thermal cycling. The diffusion of Al and Ga
atoms is then identified as one of the main causes for decreased substrate
performance. The influence of a selection of key process steps is also studied.

Starting silicon wafer and thermal dopant activation

The use of high-resistivity Si as a handle wafer for RF application is well-
established since extensive studies for SOI have shown significant reduction
in crosstalk and substrate loss [4]. Similarly, HR Si has been used for the
development of GaN-on-Si technology for RF applications (low-resistivity
Si is favored in power electronics) [43], [44].

From a practical point of view, processing HR Si wafers is more complex
than standard resistivity Si because HR Si is more brittle. Indeed, dopants
act as obstacles for the propagation of dislocations that can cause breakage
of the wafer. Since the epitaxy of III-N layer often induces strain and wafer
bow or warp, the risk of breakage is higher. For this reason, thicker 1.15 mm
HR Si wafers are preferred to the more commonly used 725 um-thick wafers
traditionally used in SOL As the GaN-on-Si fabrication methods mature,
the industry is currently aiming toward the use of 725 um-thick starting Si
wafers [45].

An important aspect of Si wafers in GaN-on-Si is the presence of intersti-
tial oxygen (O;) atoms. The crucible in which the Si is melted, made out of
5i0,, dissolves into the Si during the Czochralski process forming the ingot.
A residual oxygen concentration is then found in Si. The concentration is
usually in the order of 1 to 20 parts per million atoms (ppma).

When the material is kept at temperatures in the range of 300 °C to 500
°C, these O; can form clusters of a few (1-4) oxygen atoms, which become
electrically active as thermal donors (TDs). These donors act as n-type
dopants. The wafer always spends some time in the critical temperature
range during MOCVD or further processing, such that a certain degree of
TD activation always occurs. In HR Si, a high O; concentration ([O;]) can
cause the subsequent n-type doping to dominate over the low intentional p-
type doping and flip the polarity of the substrate. This will become apparent
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Fig. 1.10 Evolution of the added electron concentration by TD activation as a
function of time (i) in the critical temperature range for activation and (ii) in the
deactivation annealing temperature range. Reproduced from [46].

in Fig. 1.13. To dissolve the Oj clusters and deactivate the TDs, it is possible
to anneal the wafer at a temperature of 600 °C to 650 °C and then cooling
it relatively quickly to avoid re-formation. The activation and subsequent
suppression of TDs is shown in Fig. 1.10. The formation rate of TDs is
dependent on [Oj], such that a controlled [O;] is desirable to prevent TD
activation in the time of processing [47], [48].

Thermal budget and IlI-N epitaxy

The epitaxy of the nitride layers on the Si wafer is critical for RF loss. One of
the main contributions to the formation of the PSC layer originates during
epitaxial growth.

During this high temperature (above 1000 °C) process, Al and Ga atoms
can diffuse into the Si close to its surface. Evidence of this diffusion has been
widely reported in literature using secondary ion mass spectroscopy (SIMS)
performed from the backside of the substrate. An example is displayed in
Fig. 1.11. The quantity of diffused Al exceeds the Ga level by approximately
one order of magnitude because Ga is only introduced after the growth of
the AIN nucleation layer and cannot easily diffuse through this layer.

Since Al and Ga are group 3 elements, they can act as p-type dopants. If
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Fig. 1.11 SIMS evidence of Al and Ga diffusion in the Si substrate after the growth
of the III-N epitaxial stack until the GaN channel. The detection limit lies at a
concentration of 1 x 103 cm~3. Reproduced from [49].

Stack Total III-N thickness AIN thickness
A ~ 2.535pm 200 nm
B ~ 2.505 pum 175 nm
C ~ 1.305 pm 175 nm

Table 1.2 Description of the three GaN-on-5i stacks considered for the
comparison of Al and Ga diffusion.

their concentration close to the surface is higher than the B-doping in the
bulk, the parasitic doping gives rise to a PSC layer. It is demonstrated in
[49] that a majority of the diffused atoms become electrically active dopants.

An increased diffusion leads to a more conductive PSC layer and a
degraded substrate performance. The diffusion in influenced by many
different factors, such as thermal budget, AIN nucleation layer, or MOCVD
growth conditions.

To isolate the contribution of epitaxy, three different epitaxial GaN-on-5i
stacks are considered. The stacks are described in Table 1.2. The growth
is stopped after the GaN channel and before the AlGaN barrier which
would form the HEMT heterojunction and 2DEG, completely dominating
the substrate conductivity over Si. Further HEMT processing steps will be
considered in Section 1.4.3. They are all grown on B-doped 200 mm 3-6
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® Resistance measurement

Fig. 1.12 Schematic of the spreading resistance profiling technique. The bevel
angle is usually very shallow (< 0.05°) to allow a high depth resolution.

kQ) - cm Cz-5i wafer in a Veeco MOCVD reactor.

The method of choice to characterize the spatial distribution of dopants
in a semiconductor material is Spreading Resistance Profiling (SRP). The
technique is represented schematically in Fig. 1.12. By cutting the surface of
the wafer at a shallow angle, it allows to measure both the polarity (p-type
or n-type) and the resistivity of Si as a function of depth.

The SRP profiles of the three different GaN-on-Si stacks and their corre-
sponding p, s is shown in Fig. 1.13.

All epitaxial stacks show conductivity type inversion in the bulk. Orig-
inally p-type, the Si wafers flips to n-type after TD activation during the
thermal cycling. This leads to the formation of a weakly doped p-n junction
close to the Si surface.

Epitaxial stack A clearly shows a higher surface doping than the two
other stacks. This is reflected in its degraded surface performance. It should
be noted that stack A and stack B present a comparable buffer thickness,
but the process for stack B has been optimized to limit the total thermal
budget, more specifically the AIN nucleation layer has been optimized (see
Chapter 2). Epitaxial stack C shows a well-controlled diffusion, similar to
stack B. However, its substrate performance is slightly degraded. This can
be attributed to a combination of two factors:

1. A closer proximity of the CPW line to the PSC layer due to a thinner
buffer and (see Fig. 1.7);

2. Ahigher [O;] leading to higher TD activation. The latter factor slightly
degrades the resistivity in Si bulk, which can cause a decrease in p,y.

Once the epitaxy has been optimized to limit Al and Ga diffusion in Si,
subsequent processing steps can influence the overall substrate performance.
This is discussed in the following sections.
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Fig. 1.13 Spreading resistance profiling in GaN-on-Si substrates, providing evi-
dence of Al (and Ga) diffusion close to the Si surface and acting as p-type dopants
to form the PSC layer.
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Fig. 1.14 Schematic representation of the ion implantation step used to suppress
the 2DEG where it is not needed.

HEMT processing

Once the ITI-N layers (including the AlGaN barrier forming the 2DEG) have
been grown, further steps are required to fabricate functioning HEMTs.
These steps can impact the substrate performance. The implant performed
to isolate the devices and the rapid thermal annealing of the metallic con-
tacts are considered.

Isolation implant

In wide bandgap semiconductors, isolation of HEMTs is most often achie-
ved using ion implantation (Fig. 1.14). In the case of GaN-on-5i, nitrogen
ions are implanted at high energy and suppress the 2DEG in regions where
isolation is required [50]. In imec’s process, this implantation is performed
in three successive steps after the growth of the AlGaN barrier [51]:

I. 75 keV and a dose of 8 x 102 cm—2
II. 150 keV and a dose of 2 x 1013 cm—2
I11. 375 keV and a dose of 3 x 1013 cm 2

The implant can be accurately simulated using the TRIM software [52]. The
results are displayed in Fig. 1.15. The defects caused by the N implant are
reaching a depth of ~ 600 nm from the AlGaN surface. No defect formation
is expected in the Si substrate, which lies more than 2 ym from the AlGaN
surface. Still, the implant can affect substrate performance. As shown in
Fig. 1.16, the successive implantation steps slightly degrade p,ss. This is
attributed to the high concentration of defects in the upper III-N layers
which create additional charge, analogously to an added oxide charge in
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Fig. 1.15 Simulated nitrogen ion concentration as a function of depth from the
AlGaN barrier surface. The considered barrier thickness is 19 nm (indicated by the
vertical line), under which 1 um of GaN is used to represent the channel and CGaN
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Fig. 1.16 Effective resistivity measured on four separate samples representing the
successive N ion implantation steps. Reproduced from [40]. ©2020 IEEE.
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Wafer Name Resistivity (k() - cm) [O;] (ppma)
HRS-1 3-6 unspecified (likely > 5 ppma)
HRS-2 7.53 3.8
HRS-3 4.30 3.0

Table 1.3 Different Si wafers used for the study of the impact of thermal
annealing on substrate performace.

SOL The PSC layer is more conductive leading to more RF loss. p ¢ is most
degraded for the full implant (steps I, I and III). However, using only steps
I and II leads to no further decrease in p,fs compared to step 1.

The combination of steps I and II also leads to the best HD performance.
This can be understood from the bias dependence of the G parameter, which
is linked to HD (this is mostly correct for implanted regions which show
limited time-dependent effects, see Chapter 3). For implants I and II, G
shows almost no bias dependence in the -35 V to 20 V range.

Thermal annealing

After the isolation implant, the fabrication of metal contacts is another
important step in the fabrication of HEMT devices. These steps involve
deposition of dielectric layers and rapid thermal annealing (RTA) to form
high-quality ohmic contacts [53]. The RTA step is performed at a tempe-
rature of 565 °C. Because this temperature is close to the TD annihilation
temperature (see Fig. 1.10), it is important to study the effect of RTA on Si
resistivity, which impacts substrate performance.

To do so, three different Si starting wafers are considered, all of which
underwent MOCVD growth of the epitaxial stack B (see Table 1.2), i.e.
without the AlGaN barrier. Their important parameters are noted in Table
1.3. After growth, they are cut and separate pieces are subjected to RTA
(90 s) at temperatures of 400 °C, 500 °C and 600 °C. The averaged p,s after
RTA are show, in Fig. 1.17. For all samples, p,s is degraded by the 400 °C
RTA. Since this temperature is in the range of TD activation temperatures,
the RTA can cause more oxygen atoms to form clusters and dope the bulk
Si, making it more n-type and decreasing p,sr. Wafers HRS-2 and HRS-
3 show a relatively temperature independent p,r; degradation after the
400°C, 500 °C and 600 °C RTA. Possibly, a certain degree of TD annihilation
can takes place at these more elevated temperatures. For Wafer HRS-1, the
higher [O;] leads to more efficient TD activation and increased doping.
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Fig. 1.17 Effective resistivity averaged from 0.9 to 5.11 GHz for epitaxial stack
B grown on different Si wafers and subjected to different rapid thermal annealing
conditions. Reproduced from [40]. ©2020 IEEE.

Benchmarking substrate performance

The performance of a given substrate can be quantified by the combination
of its p,rr and HD. These two quantities are usually correlated [54]. Indeed,
for p.¢¢ values above a few tens of () - cm, a more resistive substrate will
have less free carriers that can be modulated by the large-signal bias. The
two figures of merit (FOM) only depend on the CPW cross-section dimen-
sions, so it is possible to fairly compare substrate technologies with each
other by characterizing them using a common standard CPW line. The GaN-
on-Si substrates are benchmarked against state-of-the-art SOI substrates in
Fig. 1.18.

The SOI samples contain trap-rich SOI substrates fabricated in a uni-
versity environment (TR SOI), SOI substrate without trap-rich layer (HR
SOI) and commercially available RFeSI substrates ([54], [55]). GaN-on-5i
substrates are all fabricated using imec’s process, with the exception of
one existing reference [2]. Both fully processed stacks and stacks where
MOCVD growth is stopped after the GaN channel are included. The CPW
line dimensions are chosen to be comparable.

Owing to dopant in-diffusion limiting and buffer engineering [20], [21],
imec’s GaN-on-Si substrates are reaching competitive performance com-
pared to the state of the art in terms of substrate performance. GaN-on-SiC,
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Fig. 1.18 Benchmark of imec’s GaN-on-5i substrate performance. Fully processed
HEMT stacks are reaching low levels of distortion and high effective resistivity
comparable to trap-rich (TR) SOI substrates.

which is not displayed here but is measured in [2], presents a H2 below -105
dBm (noise floor) and cannot be placed on Fig. 1.18.

Known limitations of the substrate performance figures-of-merit

pefr and H2 are well-established figures-of-merit in the SOl world for almost
20 years. State-of-the-art SOI substrates for RF applications typically present
little variation in the thickness of their buried oxide: 0.2 um to 0.4 pm SiO,
films constitute the majority of the substrates found in literature for RF.
Furthermore, the cause for degraded p, s in SOl is always the presence of
positive fixed charges at the 5i/SiO, interface, which means that the free
carrier distribution in Si does not vary significantly from sample to sample.
In that sense, p,rs and H2 can be linked quite easily to physical parameters
such as the density of oxide interface charges'.

The application of these CPW metrics to GaN-on-5i exposes some of their
limitations. Some of the shortcomings stem from the dimension dependence
shown in Fig. 1.7.

¢ For a given conductivity of the PSC layer, increasing the thickness of

This is true in the absence of a trap-rich layer. Whenever such a layer is included, its
properties (trap density and distribution) cannot be determined from CPW measurements.



GaN-on-Si process parameters and substrate performance |

the III-N layers will improve the FoM without actually modifying the
conductivity of the substrate. This is especially true for CPW spacings
comparable to the III-N thickness.

* A fair comparison between different substrate technologies requires a
choice of a standard CPW line.

Another drawback arises from the complex nature of the GaN-on-Si stack.

* Depending on the process conditions and thermal budget, the free
carrier distribution can vary drastically and have different origins.
The CPW FoM do not give any indication about the extent of the PSC
layer into the Si substrate or the presence of any charges in the III-N
layer.

In this thesis, whenever GaN-on-Si substrates are compared with 5i/SiO,-
based substrates, a standard CPW is used with a signal line width and slot
width of ~ 26 pm and ~ 12 um, respectively. To elucidate the extent of the
PSC layer and its contributions, the CPW metrics are not sufficient and other
techniques are required such as SRP or capacitance-based measurements
(see Chapter 2).
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Temperature dependence of substrate performance

GaN HEMTs stand out for their power density [56]. For GaN-on-5i, the
current record for a 150 nm-long device is a saturated output power of
6.6 W/mm at a drain voltage of 20 V and operating frequency of 28 GHz
[27]. At the same time, the efficiency of this device is ~ 40 %. One of
the main challenges of GaN-on-Si is the low thermal conductivity of Si
(~ 150W - m~! . K1) compared to traditional substrates such as SiC (~
490 W - m~1 . K~1). The lower thermal conductivity of the substrate leads to
an increased self heating of the device, but also to an increase in temperature
in the region below the device. In this section, the impact of an increase of
temperature on substrate performance is discussed.

Physical origin of the temperature dependence

To illustrate the different physical phenomena at play, a simple 1-D structure
is considered in a TCAD environment. It consists of a HR-Si substrate
with a background doping of 1.7 x 10'> cm 2 (p-type), corresponding to
p = 7.5kQ - cm. An additional surface doping (p-type) is included close
to the Si surface to form a PSC layer. The doping profile is taken from SRP
measurements (Section 1.4). A 2.505 um-thick insulator with a permittivity
corresponding to the equivalent permittivity of the III-N stack is added. No
fixed charge or traps are included in the simulation. The temperature is
increased from 50 °C to 200 °C, representing realistic values of operation
temperature. The Lombardi model is used to model the mobility in Si
[57]. It models the doping (impurity scattering) and temperature (phonon
scattering) dependence of mobility.

The resulting resistivity profiles are shown in Fig. 1.19. Resistivity is
calculated as:
-1

o(y) = (q (rp(W)p(y) + a(y)n(y))) (1.5)

Several observations can be made.

e Far from the Si surface, the resistivity significantly decreases with
temperature. More than one order of magnitude difference is seen
between the simulations at 50 °C and 200 °C.

* Close to the Si surface, a non-monotonous change of resistivity seems
to take place, with first an increase in resistivity then, at 200°C, a
decrease.
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Fig. 1.19 Simulated resistivity profiles for increasing temperature. Different trends
are observed close to the Si surface or in the Si bulk. The background doping is set
at 1.8 x 10'> cm™3 and the Al parasitic doping profile is included in the first few
micrometres of Si.
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Fig. 1.20 Simulated hole mobility as a function of depth from the Si surface for
different temperatures.

Mobility decrease

The hole mobility (main contributors to p in a p-type wafer) is plotted in
Fig. 1.20. The doping considered here is lower than 1 x 10'® cm 3. Mobility
reduction by impurity scattering is negligible for such low doping values,
which explains why there is little variation of y, with depth. A significant
reduction of y, with temperature is however present, and is caused by
scattering with phonons. i, decreases from ~ 400 cm? - V-1.s7lat50°C
to ~ 120cm? - V-1 - s71 at 200°C. The temperature dependence of i, is
modelled in the Lombardi model as follows:

T —2.2
#p(T) = tp300 (300) : (1.6)

Carrier concentration increase

In addition to mobility decrease, the free carrier concentration is also af-
fected by temperature. The simulated hole concentration is displayed in
Fig. 1.21. While the surface hole concentration is only slightly affected, an
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Fig. 1.21 Simulated hole concentration as a function of depth from the Si surface
for different temperatures.

increase of almost two orders of magnitude in p is observed far from the Si
surface. At thermal equilibrium, the intrinsic carrier concentration is given
by:

n; = M1C/2T3/2 exp <_2%T)' (1.7)
in which M¢ is number of equivalent minima in the conduction band and
E, the bandgap energy. n; is ~ 1 x 10'°cm~3 at room temperature and
increases exponentially to ~ 2 x 1014 cm 3 at 200 °C. When ; exceeds the
hole concentration imposed by the doping in the bulk Si, p increases to
respect the relation pn = n?. Since doping is very low in the bulk, p almost
follows the increase of n;.

The increase in bulk hole concentration has the largest effect on resistiv-
ity (exponential dependence versus quadratic dependence on temperature
for pp). Indeed, from Fig. 1.19 it is clear that p changes more in the bulk
than close to the surface.

Overall, the different contributions to the resistivity change with tempe-
rature are summarized in Fig. 1.22. For low doping, the n; increase kicks in
at relatively low temperatures. For higher doping, u first degrades, increas-
ing p. Then, at a higher temperature, the n; increase starts to dominate.

Simulated effective resistivity

The 1-D simulated resistivity profiles are used in a 2-D small-signal simula-
tion of a cross-section of a CPW line. The extracted G is converted to p,f¢
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Fig. 1.22 Temperature dependence of resistivity for different doping concentra-
tions. The combined effects of mobility and intrinsic carrier number are visible.

following Eq. 1.3. The results, taken at 5 GHz, are displayed in Fig. 1.23.

Until 100 °C, p, s slightly increases. This can be explained by an already
significant decrease in y, but negligible increase in p. At higher tempera-
tures, p, ¢ drops to ~ 100 Q) - cm. This is caused by the strong increase in 1;
in the bulk Si. In order to maintain substrate performance, the temperature
in Si should not increase above 125 °C.

The simulated temperature trend differs from the measured evolution
of p, ¢ with temperature, which is shown in 1.24. First, no initial increase
in p.¢f is observed at moderate temperatures. Secondly, the drop observed
at 150 °C in the simulations already occurs at 125 °C in the measurements.
These discrepancies could be due to interface traps, which are not con-
sidered in the simulation but would affect the evolution of mobility with
temperature. Furthermore, the bulk Si doping in the measured substrate
could be slightly different from the simulated one.

Estimation of the temperature increase

A 2-D thermal simulation in a dedicated simulation framework is performed
to estimate the substrate temperature [58], [59]. A realistic III-N stack with a
1.15 mm-thick Si substrate is considered and the chuck temperature is fixed
at 25°C. Thickness dependence of the cross-plane thermal conductivity
of the III-N materials is accounted for by solving the Boltzmann transport
equation. The results for different DC power densities are shown in Fig.
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Fig. 1.23 Simulated effective resistivity using the resistivity profiles of Fig. 1.19.
CPW dimensions are: a central conductor width of 85 pm and slot width of 50 pm.
Data is taken at 5 GHz. Total III-N thickness: 2.505 um.
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Fig. 1.24 Measured effective resistivity as a function of chuck temperature. Total
MI-N thickness: 2.505 pm. The DC bias is set to 0 V.
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Fig. 1.25 Simulated temperature increase at the HEMT level and at the surface of
Si for a realistic GaN-on-Si stack. Results reproduced from [40]. ©2020 IEEE.

1.25.

While the GaN close to the device can heat up to above 200 °C, the
thick buffer allows the temperature at the III-N/Si interface to stay limited.
Indeed, even for power densities close to the record of 6.6 W/mm [27], the
temperature stays below 100 °C. However, if the power density of GaN-on-
Si further improves to 8 W/mm, thermal management will become an issue
as substrate performance is predicted to degrade.

Thermal simulation and characterization of III-N epitaxial stacks is out
of the scope of this thesis, but valuable insights can be found in [59]. In
particular, it is predicted that the temperature mostly drops across the
1.03 um-thick superlattice strain relief buffer which presents the largest
thermal resistance of all layers. Comparatively, the remaining temperature
drop across the thick Si substrate is low. The thinning down of the substrate
before packaging will therefore only have a limited impact on the results
of Fig. 1.25. Conversely, the thinning down of the superlattice strain relief
buffer could increase the temperature at Si surface.

Experimental evidence of H2 and effective resistivity variation

Fig. 1.26 shows the measured H2 power as a function of temperature for
a GaN-on-Si sample without 2-DEG and a full HEMT stack. H2 stays
at acceptable levels (below -80 dBm) for both samples until 100 °C then
degrades significantly. This is in good agreement with the predicted p,f¢
evolution of Fig. 1.23.
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Fig. 1.26 Experimental evidence of second harmonic power variation with tempe-
rature. Reproduced from [40]. ©2020 IEEE.
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Chapter summary

In this first chapter, the substrate-related parasitic effects were analyzed
from the angle of the semiconducting HR Si substrate, which is where
parasitic conductivity takes place in the form of a PSC layer.

After briefly presenting the technological distinctiveness related to GaN-
on-Si, the RF characterization techniques for quantifying Si-based RF sub-
strates” performance were introduced. p.ss was shown to be a better small-
signal FOM than insertion loss, and the measurement of RF harmonic
distortion was explained. Still, these two quantities are dependent on the
CPW cross section dimensions, which is why a standard line must be used
for benchmarking.

Then, the impact of important process steps was discussed. The diffusion
of Al and Ga atoms was shown to be the key contributor to RF loss. Further,
the thermal budget of MOCVD or RTA steps, can lead to TD activation,
which effects the substrate performance by doping the Si. The isolation
implant, which is performed under passive structures, also has an electrical
effect although it does not penetrate Si. The large number of defects formed
by the implanted N ions appears to create charge which changes the p, ;.

Finally, the temperature dependence of the Si substrate and the PSC layer
was explained. Because GaN circuits are expected to dissipate large amounts
of heat, the substrate performance must be stable at high temperature. It was
shown that the PSC layer and the bulk Si are governed by mobility decrase
and n; increase respectively. For high-performance GaN-on-Si substrates
(Peff > 1k - cm), the p, s and HD were shown to be stable until ~100°C,
which is sufficient for power densities up to ~6 W/mm.



Electrical study of AIN/Si
interface

Introduction

The first epitaxial layer of the GaN-on-5i stack to be investigated is the
AIN nucleation layer. Its main role is to prevent meltback etching of the Si
substrate by Ga. In the early stages of GaN-on-5i development, is has been
noticed that direct growth of GaN on Si caused Ga-rich droplets to etch
into the Si at high temperature, resulting in polycrystalline material instead
of the desired monocrystal. To improve the termal stability of GaN, the
inclusion of an AIN nucleation layer proved to be an effective solution [60],
[61]. Furthermore, AIN has a smaller lattice mismatch with GalN compared
to Si.

The AIN nucleation layer strongly affects the breakdown voltage of the
GaN-on-Si stack, as well as the crystalline quality of the subsequent III-N
layer [62]-[68]. The growth temperature and the pretreatment of the Si
surface are two particularly impactful process parameters.

Together with the development of a high-quality AIN layer, the forma-
tion of a parasitic conductive channel channel at the interface between AIN
and Si has been noticed and linked to a degraded substrate loss. A lot of
attention has been given to the identification of the factors leading to the
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Fig. 2.1 Effective resistivity (averaged between 1 GHz and 5 GHz) for AIN and
full buffer stacks grown in different MOCVD reactors. The effective resistivity of
the AIN-only stack and the full GaN-on-Si buffer stack are correlated: the substrate
performance of an AIN/Si structure is determining the performance of the full stack.
W/S =85 um/50 pm.

PSC layer [44], [49], [67], [69]-[75]. Indeed, the growth of the AIN layer
is seen as the determining process step in terms of substrate loss. This is
exemplified in Fig. 2.1 for samples grown in different reactors and in Fig.
2.2 for different AIN growth temperatures. When the nucleation layer is not
well optimized (i.e., the AIN/Si stack shows a low p,s) as in Reactor 1, the
substrate performance cannot be recovered by the subsequent growth of the
II-N layers. Conversely, a high p,r; for AIN/Si (Reactor 2) translates into
good substrate performance for the full stack. The simple AIN/Si structure
thus determines the full GaN-on-Si stack substrate performance. Therefore,
its study and the engineering of its substrate performance are of highest
importance.

As discussed in Chapter 1, one leading cause is the diffusion of Al
atoms which dope the Si [69]. However, when the doping is kept under
control (through e.g. low temperature AIN growth), a PSC layer can still
form. The process conditions leading to a reduced diffusion are out of the
scope of this thesis, but more information can be found in [20], [21], [69].
The polarity of the PSC layer is controversial, and seems to depend on the
precise process conditions in the MOCVD reactor: a n-type layer has been
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Fig. 2.2 CPW loss at 10 GHz for a full GaN-on-Si buffer and a AIN/Si structure,
for different AIN growth temperatures. A clear correlation exists between the two
curves. W/S = 85um/50 pm. Reproduced from [76].

identified in [44], [67], [70], but the authors in [69], [72], [73] report a p-type
layer. As a consequence, the solutions proposed in literature to suppress
the parasitic channel and improve RF loss in GaN-on-Si are limited to a
given process window and might not be valid for all types of MOCVD
reactors. For instance, the impact of an interfacial silicon nitride (SiNy) is
seen as beneficial in [72] but detrimental in [44]. Some mitigation techniques
involve additional process steps such as compensation doping, which is
impractical from doping control perspective [71], [75].

This chapter aims to achieve a unified understanding of the AIN/Si
structure from a RF loss perspective, to determine a more universal way of
keeping the PSC layer under control. In Section 2.2, an array of interface
characterization techniques will be presented, with a focus on the mea-

surement of electrical properties of HR Si/dielectric structures such as the
AIN/Si system.

A different structure, the semi-vertical metal-insulator(oxide)-semicon-
ductor (MI(O)S) capacitor, is introduced in Section 2.3. Its original goal is
to overcome the large series resistance in C — V and G — V measurements,
but it also allows the design of transistor-like devices and Hall effect mea-
surement pads. The fabrication process is discussed in detail and validated
on AIN/Si structures.

Finally, in Section 2.4, techniques relying on a vertical MIS capacitor
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will be applied to build a solid representation of the AIN/Si structures. It
will lead to specific and universal process guidelines to fabricate high-p, s
GaN-on-Si epitaxial stacks. For the first time, the link between material
physics, electrical properties and RF characterization will point to the main
cause of PSC layer formation, and ways to mitigate it.
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Interface characterization techniques

This section provides an overview of the different electrical and material
characterization techniques available to study an interface such as AIN/Si.
The techniques presented here are all available in UCLouvain Welcome
platform and require little sample processing or preparation, i.e. a signal
metal deposition and patterning step. The techniques can also be applied
on other MIS or MOS systems such as SiO,-5i or Al,O3-5i. They provide a
necessary technical basis for the subsequent detailed study and engineering
of the AIN/Si interface that is presented in Section 2.4. The case of more
complex MIS structures such as the full GaN-on-5i stack is dealt with in
Chapter 3.
The physical quantities that can be obtained are listed hereafter.

* PSC layer conductivity type

* PSC layer sheet resistance

bulk Si conductivity type
¢ Interface fixed charge
¢ Interface traps

After presenting capacitance and conductance based methods and the back-
side Hall effect technique along with their respective limitations, this section
is concluded by guidelines for selection of the most appropriate method.

Capacitance and conductance measurements

Capacitance and conductance measurements allow extraction of almost
all interface properties of a MIS or MOS systems [77]. In this section, the
different extraction procedures are briefly described, with an emphasis on
the difficulties encountered when dealing with high resistivity substrates.
AIN/Si or SiO,/Si samples are used to illustrate the methods.

Measurement setup

On-wafer C(G)-V measurements are performed in a dark environment on a
temperature-controlled chuck. A Keysight BIS00A semiconductor analyzer
is used together with a capacitance meter unit (CMU). One terminal is
connected to the chuck, and the other one to the gate probe, as represented
in Fig. 2.3. All connections are done using triaxial cables.
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Gate terminal

Ground terminal

Fig. 2.3 Schematic of the capacitance and conductance measurement of a MI(O)S
structure. The capacitance meter unit provides the values of the parallel-connected
elements G, and Cy,.

Interface charge extraction

Interface charge is generally regarded as a main contributor to substrate
parasitic effects in SOI technology, and its characterization is thus funda-
mental. For GaN-on-Si, Section 2.4 discusses the similar significance of
interface charge. The charge at the interface between AIN and Si (Q,inT)
is extracted from the flatband voltage, which is defined as the gate voltage
corresponding to zero band bending in Si:

~QpiNt  Qir(¢s)

Cain Cain

Vi = Pms , (2.1)
in which ¢s is the metal-semiconductor workfunction difference and Qj;
is the interface trapped charge, which depends on the surface potential
¢s. As indicated by Eq. 2.1, fixed and trapped charge contribute similarly
to Vpp and it is not possible to separate them. Here, it is assumed that
Qit < Qfnt- Qf,nT is then extracted as Qf Nt = AVppCyn, where
AVrpp is the change of Vrp due to the interface charge compared to the
charge-free case.

Vrp can be easily calculated for the case of uniform doping in Si. How-
ever, when surface doping is present such as in AIN/Si stacks, its extraction
is not straightforward. If the distribution of dopants is known (e.g., from
SRP measurements) then it is possible to compute the theoretical Vrp. In
other cases approximations can be used. In this thesis, the following method
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is employed [78]:

2 (1

Vrp = Vcorresponding to the max

From Eq. 2.1, the knowledge of ¢ys is also required to obtain a good
estimate of Qy ;y7. However, for the case of AIN/Si, the combination of
a relatively thick dielectric (low Cy;y) and high Qf ;n7 (typical Vip in the
tens of volts) makes the incertitude induced by an approximate ¢ps5 (~ 1 V)
limited. It is possible to calculate ¢ps if the interface charge is assumed to
be independent of AIN thickness. This assumption is valid if the effect of
strain is limited, which is expected for relaxed layers. Then, fabrication of
samples with different AIN thickness can provide ¢ys from the y-intercept
of the Vrp versus thickness curve:

QfINTEAIN

(2.3)
EAIN

Vi = ¢ms —
The extraction of ¢y;s is attempted in Fig. 2.4 for AIN thicknesses ranging
from 140 nm to 220 nm. Because of the large dielectric thickness (i.e., the
datapoints are far from the y axis), the linear fit contains a large uncertainty,
with a 95 % prediction interval ~ 10 V wide for ¢ps. It is certainly more ac-
curate to use a ¢ps from literature, extracted for lower dielectric thicknesses
such as done in [79]. For Ti/AIN/Si stacks, ¢ps is theoretically predicted to
be ~ 0.1 V. [80].

Interface traps extraction using the conductance method

States in the Si bandgap at the AIN/Si interface can cause pinning of the
Fermi level at the surface and contribute to low RF loss [4]. The character-
ization of the interface trap density (Dj;) in the bandgap generally relies on
C — V and G — V measurements of the MIS capacitor.

The preferred method is generally referred to as the conductance me-
thod. It is based on the evolution with AC frequency and DC bias of the
conductance G, as displayed in the equivalent circuit of Fig. 2.5a. A general
description of the method, as well as the importance of the subtraction of the
dielectric capacitance (C4;y) are presented in Appendix B. In this section, a
particularly important and limiting aspect of the conductance method when
used on high resistivity Si substrates is highlighted: the de-embedding of
the series resistance (Rj).
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Fig. 2.4 Fabrication of samples with different AIN thicknesses can allow the
extraction of the metal-semiconductor workfunction difference by extrapolation to
the y-intercept of the flatband voltage versus thickness graph. However, a large

uncertainty can exist.

Cain

Rs
(@) (b)

Fig. 2.5 (a) Equivalent circuit of the AIN/Si MIS capacitor in depletion. The bulk
Si substrate is represented by the series resistance R;. (b) Measured admittance
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Fig. 2.6 Conductance versus bias curves measured on an SOI substrate with
psi = 20Q) - cm. The de-embedding of Rs is important even at such moderate
resistivities as conductance peaks can be hidden in the raw data (particularly at high
frequencies). Here R ~ 60 ()

Series resistance

For high resistivity Si, the series resistance (R;) is important as it can domi-
nate the measured admittance and complicate the extraction of G,. Rs origi-
nates from the high resistance of the 1.15 mm-thick Si substrate between the
chuck and the Si surface. It can be measured in strong accumulation, where
the equivalent circuit in Fig. 2.5a simplifies to a series connection of C ;5
and R;. R; is then given by:

Gm

Ri= ",
T Gh+ w2

(2.4)
where G, and C;, are the measured conductance and capacitance, respec-
tively. Rs is then de-embedded for the extraction of G,. Fig. 2.6 demon-
strates the importance of Ry deembedding even for relatively low Si resistiv-
ities. To attempt to overcome the R limitation in the conductance methods,
semi-vertical MI(O)S capacitor are introduced in Section 2.3.
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Interface traps extraction using the Terman method

When the conductance method cannot be applied, e.g. if the peaks in
Gp are hidden by R; or are found at frequencies beyond the equipment’s
specifications, the Terman method can be used for D;; estimation [77], [81].
It is based on the stretch-out of the C — V curve in the presence of traps,
where an increment of bias on the gate is not compensated by a change in
¢s (leading to a change in capacitance) but by a change in trap occupation
(leading to no change in capacitance). More exactly, it is the stretchout of
the Vg — ¢s curve that gives Dj:

_ Can dAVg
q des

In Eq. 2.5, AV is the difference between the experimental gate voltage and
the ideal, trap-free V5. This method is well-suited for thick dielectrics, as
the C — V stretchout (AV;;) increases with increasing dielectric thickness
[82]. For the Terman method to be accurate, it requires:

it (2.5)

* A relation between gate voltage and surface potential, that can be
computed if the doping is known. This implies that SRP or SIMS data
containing the distribution of Al and Ga dopants must be available.
Such a curve can also be extracted from an experimental C — V curve
measured at a sufficiently low frequency, such that both interface traps
and minority carriers are given sufficient time to respond to the AC
excitation

¢ A true high-frequency C-V curve which constitutes the ideal, trap-free
C-V, where interface traps do not respond to the AC voltage but do
respond to slow changes in gate bias. In the case of a thick dielectric
on HR Si, the main difficulty resides in Rs-related parasitic effects that
change the shape of the C — V curve at high frequency.

In this thesis, both of the experimental curves required for the Terman
method are quite difficult to produce. An alternative can be the use of a
TCAD environment to generate these curves. Provided that the SRP data
is available, the interface fixed charge is well extracted, and the dielectric
thickness and permittivity are well-known, it is possible to generate accurate
low frequency and trap-free C — V curves. This method will be applied on
AIN/Si samples in Section 2.4.

In summary, while some aspects are made more complex by the presence
of HR Si and/or thick AIN layers, the methods based on conductance and
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Fig. 2.7 Slab of semiconductor considered for the theoretical Hall effect equations.
The directions of current, magnetic field and Hall voltage are indicated. Reproduced
from [78].

capacitance measurements constitute a useful toolbox to reliably obtain
electrical properties of the AIN/Si interface.

Resistivity measurement by Hall effect

A direct measurement of the conductivity and mobility of the Si is not
possible using the methods described above. Furthermore, while SRP can
provide resistivity profiles, the sample preparation requires the removal
of the top dielectric layer and its associated charges which can have a
significant impact on the conductivity. The Hall effect allows in theory
direct measurement of carrier density, conductivity type and mobility.

Hall effect

When a slab of semiconductor material (Fig. 2.7) in which a DC current I
flows is subjected to a magnetic field B, the free carriers undergo a force
perpendicular to the current and the magnetic field. This force deflects the
free carriers and, when current flow in the direction perpendicular to I and
B is prevented, leads to a voltage at steady state (V). The direction of this
voltage is dependent on the carrier type. The Hall coefficient is then defined

as: v
H
Ry = —+ 2.6
T (2.6)
where d is the size of the sample in the direction of B (see Fig. 2.7). Ry
can then directly be connected to the carrier concentration if either holes or

electrons are in majority:

2.7)
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Fig. 2.8 Schematic of the sample geometry for the backside Hall effect measure-
ment. Indium dots are melted with a soldering iron on the Si surface to achieve
satisfactory contact.

If the resistivity p of the slab is measured without the magnetic field (i.e., a
4-point measurement using the V, terminal in Fig. 2.7), it is then possible to
extract the hole or electron mobility:

=—Z 2.8
= (2.8)

In practical setups, the implementation of a slab of material similar to
Fig. 2.7 is not straightforward as electrical contacts have to be made on
different sides of the material. A more practical implementation takes the
form of a Van der Pauw geometry such as shown in Fig. 2.8a. Four In
contacts are soldered at the surface of the sample which is then placed in
a sample holder as shown in Fig. 2.9a. The sample holder is placed in a
magnetic field oriented in the thickness direction. For such a structure, it is
possible to derive a formulation for the material resistivity:

_ 7t Ripas + Rozan

where F is a function of R, = ﬁ;m‘* and is equal to 1 for square samples.

The resistances are defined as follows. For Ry 34, current enters through
contact 1 and leaves through contact 2. The voltage is measured between
terminals 3 and 4. Eq. 2.9 is valid for any sample shape, provided that the
contacts are formed at its circumference and that the sample contains no
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(a) PCB sample holder and electrical connec-  (b) 1.0 T magnet. The sample holder is placed
tions between the two poles of the magnet.

Fig. 2.9 Pictures of the Hall effect measurement setup Ecopia HMS-3000.

holes. The mobility can be calculated from:

_ dARy 3
p=—

5 (2.10)

ARy4 13 is the difference between Ry4 13 with and without magnetic field.
It should be noted that the Hall effect method requires DC access to the
material to be characterized. Consequently, soldering the In contacts on the
AIN surface cannot provide any result in Si. Here, the method is applied to
the backside of the sample, as represented in Fig. 2.8b.

Experimental results from the backside Hall effect method

To exemplify the potential of the Hall effect measurement, two sets of
AIN/Si samples are considered. They are described in Table 2.1. Reactors A
and B are two copies of the Aixtron G5 MOCVD reactor, installed in two
different cleanrooms.



MOCVD Reactor Wafer Name p (kQ2:-cm) [O;] (ppma)

Al 3-6 unspecified (likely > 5 ppma)
A A2 4.3 3.0

A3 6.8-7.7 3.9

Bl 3-6 unspecified (likely > 5 ppma)
B B2 unknown  unspecified (likely > 5 ppma)

B3 6.8-7.7 3.9

Table 2.1 Description of the AIN/Si samples to illustrate the applications of backside Hall effect method

Sample Polarity p (- cm) Carrier density (cm™3) Mobility (cm?/(Vs)) Peff (- cm)
Al P 364 1.1 x 101# 156 113
A2 P 356 9.4 x 1013 187 104
A3 P 1110 8.5 x 1013 66 107
Bl N 5200 9.4 x 101 1290 280
B2 N 1200 3.5 x 1012 1190 249
B3 N 9900 49 x 101 1280 347

Table 2.2 Results from the Hall effect measurements on AIN/Si samples. Effective resistivity values are averaged
over a frequency range from 1 to 5 GHz and are measured on CPW lines with W/S = 85 um/50 pm.

90B4a3UI IS/NIV 0 Apnls [edu3d3)3 |
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All samples from Reactor B showed conductivity type inversion in Si
bulk in the SRP profiles. No SRP was measured on samples from Reactor A.
The p, s for all samples is low, between 100 - cm to 400 Q) - cm, indicating
the presence of a strong PSC layer.

The Hall data is reported in Table 2.2. For the samples of reactor A, the
polarity is measured as p-type, meaning that no bulk polarity inversion
due to TD has occured. In this case, the measured resistance consists in a
parallel connection of the bulk resistance (Rg;) and the PSC layer resistance
(Rpsc). Since Rpsc < Rg;, the equivalent resistivity is low, with a high
carrier density. The mobility is lower than the hole mobility expected in
bulk Si (~ 450 cm? - V=1 - s71). This could be due to the degradation of the
mobility close to the Si surface, as this region is dominating in the overall p
[78].

For the samples of reactor B, a n-type conduction is extracted. The
bulk Si has inverted, as was already measured with SRP. Interestingly, the
resistivity extracted is high, more than one order of magnitude higher than
the measured p,fs. This can be explained by the presence of a p-n junction
between the PSC layer (p-type) and the bulk (n-type). In DC, the PSC layer
is effectively disconnected from the Hall effect measurement terminals.
The resistivity in the bulk being high and mobility not limited by surface
scattering effect, the properties of a HR n-type Si material are extracted with
u close to the theoretical value for electrons (max. 1400 cm? - V=1 .71y,

In summary, the Hall effect technique allows direct extraction of the re-
sistivity, carrier density, conductivity type and mobility of a semiconductor.
It can provide valuable information about the substrate doping and help
confirm other measurements. However, interfacial properties can be hidden
by the presence of a deep p-n junction. The sample preparation is quite
simple, with only dicing and In soldering required. No additional metal
deposition or lithography steps are needed, making it a fast method for a
first characterization.

Summary

The complex nature of the AIN/system with fixed interface charge, non-
homogeneous doping featuring p-n junctions in Si, and possibly interface
trapped states, necessitates characterization techniques beyond the simple
CPW measurements typically used to evaluate its RF performance. In this
section, two different measurement categories were presented.

Top-down capacitance and conductance measurements contain a large
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quantity of information. In particular, fixed equivalent interface charge is
easily extracted from the flat-band voltage. Further techniques can pro-
vide the distribution of interface traps in the Si bandgap. However, the
most precise method, which is based on AC conductance measurements,
is hindered by the presence of a large series resistance induced by the HR
Si substrate. The Terman method based on the stretch-out of the C — V
curve can be applied but requires a comparison with reference curves which
are not straightforward to produce. A TCAD model, when available, can
help. Since dot capacitors are usually available and fabricated alongside
CPW lines, no additional sample preparation is required and C(G) — V
measurements will be the preferred technique in the later sections of this
chapter.

Flipping the sample upside down, the Hall effect technique applied
from the backside is well-suited to high resistivity substrates. A relatively
simple measurement and sample preparation allows the extraction of an
aggregated substrate conductivity and free carrier mobility and concentra-
tion. However, following O-related TD activation, a p-n junction can appear
close to the Si front surface and prevent electrical access to the interface.
Consequently, The resistance obtained can be significantly different from
the effective resistivity measured with a CPW line.

In the next section, a different, more complex characterization structure
will be presented to overcome the limitations exposed here.
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Fig. 2.10 Schematic cross-section of the semi-vertical MI(O)S capacitor proposed
to limit the effect of series resistance on G — V measurements. Different dimensions
for the electrodes are considered.

Fabrication of semi-vertical MO(I)S capacitors

In this section, a potential way to overcome the limitations of the conduc-
tance method presented in Section 2.2.1 is presented. Because the majority
of the series resistance of the MIS capacitor originates from the ~1 mm-
thick, highly-resistive Si substrate, a lateral connection to the dielectric/Si
interface could significantly shorten the resistive path. The semi-vertical
MO(I)S capacitor is presented in Fig. 2.10. The backside contact to the Si
substrate is replaced by a lateral contact after etching of the dielectric, where
it is expected that R j, + R < R 0.

The challenge of fabricating such characterization structure resides in the
dielectric etching. Incomplete etching would create a capacitive contact to
the Si, whereas overetching past the PSC layer would lead to more resistive
contact.

Process flow

The fabrication of the semi-vertical MI(O)S capacitors requires only few
process steps, starting from a AIN/Si or SiO,/Si stack. All are performed
in the Winfab facilities. The samples consist of a 175 nm-thick (confirmed
by ellipsometry) AIN layer on a HR Si substrate. The process contains no
high-temperature steps that could lead to activation or annihilation of TDs
in the Si substrate.
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ture measured after AIN etching. (b) Profilometry data after AIN etching for times
ranging from 120 s to 160 s. The incomplete AIN
etching after 120 s allows determination of the etch
rate.

Fig. 2.11 Determining AIN etch rate.

Resist spinning and patterning

A standard photoresist (AZMir 701) is deposited on the AIN surface at
a spin rate of 3000 rpm, providing a resist thickness of ~1 pm. It then
undergoes the typical lithography steps:

1. Soft bake at 100 °C for 90 s;

2. Exposure to UV light. The dose is set to 190 mJ /cm?;
3. Post bake at 110°C for 90 s;

4. Development using the AZ726 developer.

AIN etching

AIN is notoriously resistant to etching. However, a dry etching using Cl,(25
sccm) /BCl3(5 scem) / Ar(20 scem) was found to give satisfying results. To
determine the etching rate, three different wafers are etched for times rang-
ing from 120 s to 160 s. After etching, the resist is stripped and etching
depth is measured using profilometry as shown in Fig. 2.11. The resulting
etch rate is calculated as 1.31 nm/s, allowing precise control over the thick-
ness of the AIN layer. Fig. 2.12 shows a SEM image of one sample after
complete etching. Some degree of under etching is visible but not critical
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Fig. 2.12 SEM imaging of the AIN/Si stack after complete etching.

as the characterization structures all show more relaxed dimensions in the
micrometer range. A ~10 nm overetching (i.e., 10 nm into Si) is accounted
for in the etch time to ensure complete removal of AIN. Finally, after etching,
the wafers are cleaned in an oxygen plasma environment.

Second resist spinning and patterning

The resist for metal lift-off is the AZ nLOF 2000, which is applied at 3000
rpm for a 2 pm thickness. The subsequent steps are slighlty adapted to this
different resist:

1. Soft bake at 100 °C for 60 s;
2. Alignment and exposure to UV light. The dose is set to 120 mJ /cm?;

3. Post bake at 105 °C for 60 s;
4. Development using the AZ726 developer.

Metal deposition and lift-off

The metal stack used for both Si and AIN contacts consists of 10 nm Ti
(used as an adhesion layer) followed by 500 nm Al, deposited by e-beam
evaporation. Prior to the deposition, it is critical to remove the native SiO,
layer that was formed naturally after exposure of the Si surface. This step
is performed as close in time as practically possible to the loading of the
wafers in the evaporation vacuum chamber. A 3 s dip in a buffered HF bath

| 61
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Fig. 2.13 Measured depth profile of the semi-vertical structure after successful
lift-off.

removes the S5iO, and prevents it from forming again but is only stable for a
few tens of minutes.

Final structure

The finished structure after lift-off is presented in Fig. 2.13. The slight
overlap between the etching and metallization allows Si to nowhere be
directly exposed and always be covered always by AIN or metal. The
profilometry validates the fabrication process.

Electrical characterization

Once the characterization structures are successfully fabricated, electrical
characterization is performed to validate them.

Contact on Si

The transfer length method (TLM) is used to characterize the contact resis-
tivity [78]. Square pads separated by a distance ranging from 10 pm to 35
pm are used (Fig. 2.14a). The total resistance measured is given by:

Riot = 2Rc + Rg;, (2.11)
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Fig. 2.14 Structures used for transmission line method of contact resistance charac-
terization.

in which R. is the contact resistance and Rg; the resistance of Si (Fig. 2.14b).
Rg; is given by:
Rsi = Rsudrrm/W, (2.12)

in which Ry, is the sheet resistance of the PSC layer (in ()/sq) and drpm
and W are dimensions defined in Fig 2.14a.

The fabrication of several structures with varying ¢t allows the ex-
tractions of several quantities of interest by performing a linear regression
of Ryot versus drpp.

® Rc can be extracted from the y-axis intercept of the linear regression;
® Ry is provided by the slope;

e The x-axis intercept gives the transfer length (L7). Lt characterizes the
current distribution below the square contacts, which is not uniform:
most of the current from the metal to Si flows close to the contact edge,
and decreases nearly exponentially. Lt is the distance over which a
~ 1/e fraction of the current flows.

Those quantities then permit the extraction of the specific contact resistivity
(e, in Q2 cm?) using the following relation:

Pc = LT-sth

Fig. 2.15a first shows that an ohmic contact on Si could be achieved.
Indeed, all measured I-V curves show a linear relation respecting Ohm’s
law. Next, the regression for three different spacings (Fig. 2.15) gives
a contact resistance of R, = 2.76k(), a sheet resistance of Ry, = 19.7
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Fig. 2.15 Electrical results of the transfer length method structures.

)/sq and a transfer length of Lt = 14.0 um. This translates into a specific
contact resistivity of p, = 384mQ - cm?. This value is fairly high. As a
comparison, contact resistivities in Si MOSFETS are typically lower than
1uQ) - cm?. However, the ohmic nature of the contact allows further use of
the characterization structures.

The sheet resistance obtained by the TLM method is difficult to relate
to the resistivity of Si because of the highly non-uniform resistivity profile.
Indeed, for non-uniform layers or thickness ¢, Ry, is given by:

1
fot %dx'

Even when the PSC layer is isolated from the bulk Si by a p-n junction (e.g.,
a p-type PSC layer on a n-type bulk), the depth of the junction would be
needed to obtain the resistivity of the PSC layer.

Rgy, =

C-V measurements

Concentric capacitors are used for C-V measurements such as represented
in Fig. 2.16a. The gate consists of a circular pad with a radius of 60 pm.
The total area of the Si contact is ~ 2.3 x 1073 cm?. Fig. 2.16b shows the
C — V measurements on both vertical and semi-vertical capacitors. The
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(a) Schematic of the semi-vertical MIS
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(b) Normalized capacitance of a vertical (500 pm
by 500 pm square pad) and semi-vertical capacitor
on the same wafer as a function of gate bias. The
theoretical value for C 4y is indicated in black. f =
10kHz.

Fig. 2.16 Experimental results for the semi-vertical MIS capacitor.
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Fig. 2.17 Normalized series resistance extracted from C — V measurements (see
Fig. 2.16b) a vertical and semi-vertical MIS capacitor located on the same die
(f = 10 kHz). The use of the semi-vertical structure leads to an increase in the series
resistance. Absolute values of series resistance are also included.

curves match qualitatively, validating the electrical function of the semi-
vertical structures. However, the capacitance normalized by the area of the
gate electrode (Ay) is higher than what is predicted by the parallel-plate
expression C4y = € 4iNnAg/tain- This indicates that the effective pad area
for the semi-vertical capacitor is larger than the physical pad, likely due to
lateral fringing field that is nonexistent in the vertical structure.

From the measurements, it appears that the Si has been flipped to n-type
during AIN growth. Furthermore, electrons are the majority carriers close
to the Si surface at Vg = 0 V (deduced from the negative Vgp). This means
that the diffusion of Al atoms (forming a p-type PSC layer) is dominated
by a positive charge at the interface between AIN and Si (causing a n-type
layer). This phenomenon will prove to be crucial in the understanding and
optimization of the AIN/Si interface in Section 2.4.

Series resistance

R; is extracted according to Eq. 2.4 at a frequency of 10 kHz. It is normalized
to the gate area A, as follows:

Rs,norm = Rs,meusAg' (2.13)

The results are shown in Fig. 2.17. Clearly, the implementation of the
semi-vertical structure did not lead to an improvement in R, despite the
reduction of the HR Si contribution. Two possible causes can be pointed
out.
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a threshold voltage in accordance with the C — V mea-
surement.

Fig. 2.18 A three terminal structure based on the semi-vertical process can function
like a transistor.

i.

ii.

The ground contact area is significantly larger in the vertical structure.
When the capacitor is biased in strong accumulation and a PSC layer
with the same polarity exists across the entire wafer, the effective
area forming the ground electrode can be much larger than the gate
electrode (see Section 2.4). Since the ground contact in the vertical
capacitor is virtually unlimited, the series resistance can be relatively
low compared to the semivertical case (see Fig. 2.16a).

The semi-vertical contact resistance on Si is high and dominated over
HR Si. This is however unlikely. Indeed, considering a contact resis-
tivity of 7. = 276 mQ - cm? and the area of the ground electrode of
Fig. 2.16a, the contact should account for ~ 122 (), a negligible value
compared to the measured 49 k().

Furthermore, the designed devices only present limited gate pad area which
could anyhow prevent the decrease of the absolute R;.

Transistor-like devices

The semi-vertical process also allows fabrication of three-terminal devices
similar to a MOSFET (Fig. 2.18a). The PSC layer constitutes the channel
and source and drain electrodes are contacting Si. While the design of
these structures could be significantly improved by e.g. DC isolation of the
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transistor or fabrication of concentric ring-shaped devices, their electrical
behavior is as expected. Consider the Ip — Vi curve in Fig. 2.18b. It shows
a certain degree of gate control over the conductivity of the channel, with
an increase in Ip from ~ 50 mA /mm in the off-state to ~95 mA /mm in
the on-state. The large off-state current is due to the design of the device,
allowing conductive paths between source and drain to exist beyond the
gate. Interestingly, the treshold voltage (V) of this transistor appears to be
close to the Vrp measured on the semi-vertical MIS capacitor (Fig. 2.16b).

Summary and future work

First steps in developing the semi-vertical process and characterization
techniques have been taken in this thesis. While functional devices have
been fabricated, more work is required to explore their potential.

The process could be further optimized by improving the Si contacts by
e.g. annealing at ~ 400 °C. Also, the lithography parameters on AIN are not
ideal as some resist delamination has been observed along with resolution
issues that were problematic for small lateral spacing devices.

Also, some important features are lacking in the design of the devices.
Circular pads for the TLM characterization have been shown to be easier
to model than square pads [78]. As mentioned above, a better design for
the three-terminal structures is possible, e.g. by considering a ring-FET like
design. Furthermore, Hall effect pads in a geometry compatible with the
measurement setup available in Welcome would be of interest to overcome
the limitation of the backside method.

Because of the current shortcomings of the existing three-terminal de-
vices, the complete AIN/Si interface study undertaken in Section 2.4 is
performed on classical vertical MIS capacitors. An estimation of interface
trap density can be obtained using the Terman method, but finer character-
ization would require an improved three-terminal structure.
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TMALI predose (cm?) Sample Denomination
Reactor A Reactor B

7.7 A8 B8

30.7 A31 B31

61.3 A6l B61

Table 2.3 Description of the different samples considered for the study of
the impact of trimethylaluminum predose on RF loss.

AIN/Si interface engineering

In this section, the characterization techniques presented above are applied
to build a complete understanding of the AIN/Si interface. For the first
time, all aspects of the RF loss degradation in AIN/Si stacks are considered
together: dopant diffusion, interface trapped and fixed charge, and the AIN
layer itself. This is done through extensive electrical and material charac-
terization, coupled with TCAD simulations grounded in semiconductor
physics.

AIN/Si stacks with varying trimethylaluminum (TMALI) predose con-
stitute the case study. The TMALI predose has been recenly shown to be an
important factor regarding RF loss [74], [83], [84]. In contrast with existing
studies, the TMALI predose is unambiguously linked to precise electrical
properties of the AIN/Si interface and shown to be a key determining factor
in the RF loss. Following the experimental and simulatory investigation,
a method is proposed to solve the issue of decreased effective resistivity
in GaN-on-5i stacks regardless of the fabrication equipment. It is demon-
strated by the fabrication of an AIN/Si sample with p,¢¢ ~ 8k} - cm.

Devices and experiment

Two series of 200 mm AIN/Si samples produced in different cleanrooms
and MOCVD reactors (Reactors A and B) are studied. All samples consist
of a 175 nm-thick AIN layer grown in separate AIXTRON G5+ C Planetary
reactors. The starting Si wafers are 200 mm high-resistivity Si (>4 k() -cm)
with interstitial oxygen concentration ([O;]) lower than 5 p.p.m.a for Reactor
A and unspecified [O;] for Reactor B. In both series, the TMAI predose
was varied from 7.7 cm? to 61.3cm? as described in Table 2.3. Following
AIN growth, coplanar waveguide (CPW) lines were patterned directly on
the AIN surface, also in separate labs and with different metal stacks. A
signal line width (W) and signal-to-ground spacing (S) of 17 pm and 10 pm,
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Fig. 2.19 (a) Effective resistivity and (b) total insertion loss for the CPW lines on
representative dies on AIN/Si samples produced in Reactor A. W/S =17 pm/10 pm

respectively, are used for samples of Reactor A. For Reactor B, W = 36.6 ym
and S = 20 pm.

RF characterizaton

S-parameters measurements were performed in dark conditions at 25 °C
and the effective substrate resistivity was extracted as described in Chapter
1. For such § > t 4y , the dimension-induced difference in p,f is expected
to be limited [85]. The results are shown in Fig. 2.19a. A strongly non-linear
impact of TMAI predose on substrate RF performance is observed. An
improvement by ~2 orders of magnitude in p,fy is achieved from sample
AB (perr = 6002 - cm ) to sample A31 (p.rr = 7k} - cm), and p.¢f then
decreases when the predose is further increased to sample A61 (o =
900 Q) - cm). perr > 5k - cm is reached for sample A31, corresponding to
a quasi-lossless substrate [9]. The CPW losses («), which include both the
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Fig. 2.20 TMAI predose strongly impacts p,¢¢. The effect is independent of the
reactor or starting Si wafer. W/S =17 ym/10 pm and 36.6 um/20 um for Reactor A
and B, respectively.

metallic and substrate losses and are depicted in Fig. 2.19b for the three
samples. This effect can be accurately reproduced in a different reactor and
for different starting HR Si substrates (Fig. 2.20).

Such a difference in p.¢f can cause a more than 30 dB difference in
substrate HD. Large-signal measurements at 0.9 GHz are performed and
the results are shown in Fig. 2.21. The trends observed in p, are observed
in HD as well, with poor HD for sample A8, excellent HD for sample A31,
and a degradation in HD for sample A61.

In the following, additional physical characterization will help to under-
stand the origin of this non-linear effect and to straightforwardly identify
the TMALI predose for which p, ¢ is the highest.

Material characterization

The significant difference in p,s; indicates a change in Si surface conductiv-
ity, which could be caused by doping. Al in-diffusion and consequent Si
doping is known to be affected by process conditions [69].

Spreading resistance profiling

To measure the surface doping, Spreading Resistance Profiling (SRP) mea-
surements were taken on all three samples from Reactor A. SRP data can
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Fig. 2.21 Harmonic distortion measured in dark conditions at 25°C and 0 V DC
bias for the three samples of reactor A. The trends observed in the small-signal
measurements are confirmed here, with an almost 40 dB difference between sample
A8 and sample A31. f = 0.9 GHz. CPW length =2 mm. W/S=23.4 ym/12.5 pm.

reveal the presence of ionized dopants resulting from Al diffusion during
MOCVD growth for depths into Si ranging from ~20 nm to a few pm.
However, fixed charges or traps located at the interface or in the AIN layer
cannot be revealed by SRP as the AIN layer is removed for the measurement
of the bevelled Si surface (see Fig. 1.13a). The spreading resistance profiles
in Fig. 2.22 show a limited Al in-diffusion for the three samples and the
resistivity stays above ~60 () - cm for the entire profile. The dopant profile is
following Fick’s second law for all samples, with nominal diffusion lengths
of 43 nm, 50 nm and 88 nm for samples A8, A31 and A61, respectively.
A slightly increased dopant diffusion is seen for sample A61. The charge
corresponding to the increased surface doping can be calculated as:

"tpsc
Qiop = /0 (Na — Napuik) 4y, (2.14)

in which N4 ¢ is the doping far from the surface and tpg¢ is the PSC
layer thickness, defined as the depth at which N4y = Ny j,c. Integrated
doping results are shown in the inset of Fig. 2.22. The difference in charge
between the three samples is lower than 5 x 10° cm 2 and is not sufficient to
explain any difference in p, ¢, as could be confirmed by TCAD simulations.
Also, all samples show p-type conductivity for the entire profile (i.e. until
~20 pum depth), meaning that no significant interstitial oxygen-related TD
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Fig. 2.22 SRP measurement for all three AIN/Si samples of Reactor A. Best fit for
Fick’s second law is included in continuous lines. Inset: the sheet carrier concentra-
tion induced by the surface doping is lower than 2 x 10° cm ™~ for the three samples.
The SRP data shows p-type conductivity for the full profile in all samples.
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Fig. 2.23 Physical characterization of Reactor B samples. (a-c) STEM images reveal
the presence of a C-rich interfacial layer between AIN and Si. (d-f) EDS scans
along a cross-section of the AIN/Si interface show an evolution of interfacial layers’
composition as TMAI predose is increased. Lower predose favours the formation of
SiN, while higher predose produces a higher fraction of SiC at the interface.

activation (which would be n-type) is taking place.

STEM and EDS

Furthermore, scanning transmission electron microscope (STEM) and en-
ergy dispersive spectroscopy (EDS) images indicate the presence of a SiCxNy,
layer between AIN and Si. As seen in Fig. 2.23, the composition of this
~5 nm-thick layer measured with EDS changes from a SiNy-like layer to
a SiCy-like layer when TMAI predose is increased. This layer cannot be
detected by SRP and additional electrical characterization is required to
understand its electrical impact.
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Barrier height

I-V sweeps were measured to get more insight on the vertical carrier trans-
port mechanisms close to the interface and across the AIN layer. Results
are shown in Fig. 2.24a and in Fig. 2.24b-d as a function of v/'E, where the
electric field E across the AIN layer was calculated as:

Vgate (Ps

(2.15)
FAIN

Ean =

for which the surface potential ¢s was extracted from the C-V curves (see
later). At low fields, the fit to Schottky Emission (SE) mechanism is made
difficult by the high measurement noise at low current levels. The SE current

is given by [86]:
E
4rrgm* (kT)? 1 (‘PB Y 4215@%)

JsE = 3 exp T , (2.16)

in which m* is the electron’s effective mass and ¢p is the barrier height.
For E > ~1 MV /cm, a Poole-Frenkel (PF) mechanism can be well fitted to
the experimental curves for all three samples. This behaviour is consistent
with recent literature on MOCVD AIN/Si [67], [87]. In this bias region, the
current is given by [86]:

<¢T o HSAZII\\;)
kT ’

Jpr = quainNcE g1y exp (217)

in which p 4/ is the mobility inside AIN layer, N, the density of states in
the conduction band, ¢ the depth of traps in AIN, and € 4;5 the permittiv-
ity. pa;n and Nc were taken from literature [88]. The extracted activation
energies are 1.30 eV, 1.25 eV and 1.31 eV for samples A8, A31 and A61,
respectively, indicating the presence of a defect level in the AIN layer inde-
pendently of the TMALI predose. With no significant difference in activation
energies or current densities, it is assumed in the following that the band
alignment between AIN and Si is not modified by the TMAI predose. The
possibility of a different interface fixed or trapped charge which could affect
the conductivity of the Si surface is now investigated.
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Interface charge and traps

Evolution of Qf iy with TMAI predose

Top-down metal-insulator-semiconductor (MIS) capacitor C-V measure-
ments were taken at a frequency of 1 kHz on dot capacitors (area: 0.4 mm?)
and are shown in Fig. 2.25. The same trends can be seen in the samples from
Reactor B (Fig. 2.26), confirming that the following arguments are valid
for different processing environments. A significant Vrp shift difference is
observed as the TMALI predose is modified. As SRP indicates negligible vari-
ation in surface doping and AIN electrical properties appear to be identical
for all three samples, the entirety of the Vpp shift can be attributed to inter-
face charge. Interface fixed charge can be extracted as described in Section

20—2
o
which present hysteresis, an average between forward and reverse sweep
is used. Interestingly, Q;,; presents a linear evolution with TMAI predose
(Fig. 2.27). For low predose (sample A8), a native positive charge exists
in the AIN/Si system. This charge could either be natively present in the
SiNy layer or could consist of AIN spontaneous polarization charge, which
is positive and of the order of ~ 1 x 1013 cm—2 [67], [70]. Then, as predose
is increased, the gradual increase of the C fraction in the interfacial layer
leads to formation of negative interface charge compensating the initial
Qint. Further predose increase can make the interface strongly negatively
charged, as in sample A61. A large interface charge (positive or negative)
attracts free carriers (electrons or holes, respectively) to the Si surface and
causes a decreased p,sr. For sample A31, the lowest remaining interface
charge leads to the highest pf.

2.2.1 and Vfp is estimated from the max ( ) criterion. For the samples

Anomalous low-frequency CV for positive Q ins

A positive interface charge for low predose also explains the anomalous
“low-frequency” C-V response in inversion regime of sample A8. Indeed,
the minority carrier response time in silicon is typically larger than 1 ms and
thus, at an AC frequency of 1 kHz only majority carriers at the depletion
layer edge can respond, leading to a low measured capacitance in inversion
region. To explain this anomaly, consider the TCAD simulations in Fig. 2.28.

With highly positive Q;,,; such as sample A8, an electron inversion layer
is present across the entire wafer at a bias of 0 V. For V; < Vrp (Fig. 2.28a,
left), holes are attracted under the gate electrode. However, beyond the
gate electrode, no bias is applied and the electron inversion layer still exists.
This electron-rich layer is separated from the bulk Si and the accumulation
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Fig. 2.25 Top-down C-V measurements of the AIN/Si stacks for samples of Reactor
A. Vastly different trends are observed depending on the TMAI predose. TCAD
modelling taking into account charges, SRP doping and interface traps shows a
good match to experiments. f=1 kHz.
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Fig. 2.26 Measured C-V curves for the samples of Reactor B. The trends in Fig.
2.25 are also found here. The apparent intermediate plateau and subsequent drop in
C for sample B31 is attributed to deep depletion of the Si substrate that is not well
captured by the TCAD model, perhaps because of a difference in sweep rate. f=1
kHz.
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Fig. 2.27 Interface fixed charge extracted from the C-V curves in Figs. 2.25 and
2.26 plotted against TMAI predose. A linear dependence is revealed. The additional
sample with intermediate predose confirms the linear trend for reactor A.
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layer (p-type) by a resistive pn junction. The area associated with the hole
accumulation layer is comparable to the gate electrode. For V; > Vrp (Fig.
2.28a, right), electrons are attracted to the gate electrode. These electrons
are directly connected to the electron-rich layer found beyond the gate
electrode, making it accessible for AC current to flow and providing a
source of minority carriers. The capacitance associated with the extended
conductive layer is large and increases the value of the depletion capacitance.
Consequently, the measured capacitance rises to a value close to C4y.

The connection of the conductive electron-rich layer and the depletion
capacitance forms a low-pass filter [77]. When the AC frequency is increased
(Fig. 2.28b), the effective area contributing to the capacitance decreases, and
consequently the measured inversion capacitance decreases. This so-called
PSC filter effect is represented in blue in (Fig. 2.28b). On the accumulation
side of Fig. 2.28b, the effect of R; is observed. Rs decreases the measured
capacitance in accumulation and depletion, although in a different fashion
than the PSC filter effect.

Interface traps

For accurate TCAD modelling, the interface trap density (D;;) was extracted
for the curves in Fig. 2.25 using the Terman method described in Section
2.2.1. Ideal C-V curves were constructed in TCAD using the SRP doping
profiles of Fig. 2.22 to compute the “trap-free” ¢s — V, relationship. For
the experimental curves, ¢ is extracted following the method described in
[89]. The difference between ideal and measured ¢s — Vi then provides a
rough estimate of D;;. Dy of 6 x 101 em=2-eV™1,2 x 102 ecm =2 - eV ! and
4 x 10" ecm~2 - eV ! are extracted at midgap for samples A8, A31 and A61,
respectively. When those traps are added as bulk defects into the 5 nm-thick
interfacial layer, a reasonably good match between the steady-state TCAD
model and experiments is obtained. The higher Dj; for sample A31 can
contribute to the high p,¢: as the Fermi level at the Si surface is pinned by
the high density of traps, the formation of a conductive layer is prevented,
and the effective resistivity is high.

Additional ultra-low loss AIN/Si sample

The physical arguments presented above are finally confirmed by fabrica-
tion of an additional sample in Reactor A. A predose of ~ 23cm 3 was
chosen to approach the ideal case of no interface charge in Fig. 2.27. All other
process conditions are kept unchanged. As shown in Fig. 2.27, the interface
charge extracted from C-V measurements of this additional sample (Fig.
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(b) Capacitance measurements for sample A8 at different fre-
quencies. The arrows indicate the phenomenon responsible
for the frequency dispersion.

Fig. 2.28 Simulation and measurement insights provide an understanding of the
unexpected C-V trend observed in sample A8.
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Fig. 2.29 Electrical characterisation of the additional sample fabricated after opti-
misation of the TMAI predose.

2.29a) follows the linear relationship found for the initial lot. Furthermore,
RF measurements (Fig. 2.29b) reveal exceptionally high p,¢s > 8k() - cm
which is above the value of A31.

Bias dependence of substrate performance

The insights gained from previous sections allow a deep understanding of
the variation of substrate HD with DC bias for the different samples. These
experimental results are presented in Fig. 2.30.

Firstly, it can be seen that the additional sample achieves outstanding HD
with H2 = -88 dBm at 0 V, which is comparable to commercially available
trap-rich SOl substrates. However, a significant bias dependence is observed
for sample A31 and the additional sample. Correlating the onset of the
degradation of HD with the C — V measurements of Fig. 2.25, it is clear that
HD is degraded when the MIS capacitor is biased in inversion. When Vrp
is close to 0V, this implies that substrate performance can be poor even at
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Fig. 2.30 Harmonic distortion measured in dark conditions at 25 °C and a fun-
damental frequency of 0.9 GHz for all samples fabricated in reactor A, including
the additional sample. The bias on the central trace of the CPW line is varied. CPW
length =2 mm. W/S5=23.4 ym/12.5 pm.

relatively low bias values.

A similar trend was observed for SOI substrates in [90]. It can be ex-
plained by the formation of lateral depletion regions in Si between the
region below the signal electrode, which is inverted, and the region below
the ground electrode, which is accumulated. These depletion regions are
expected to be highly non-linear and contribute to the additional HD.

The bias dependence of HD brings to light an important trade-off be-
tween excellent HD (additional sample) and good HD over a wide bias
range (sample A31, with a more positive Vpp). Furthermore it further shows
the importance of TD activation in bulk Si. Indeed, the polarity of Si must
be known and controlled in order to choose Vrp as positive or negative,
and thus avoid the inverted state of the MIS capacitor in relevant operation
ranges of DC bias.

However, those requirements become more relaxed as the full 2.505
pm-thick GaN-on-Si buffer is grown. Indeed, the ~ 10x thicker dielectric
will stretch the curves in Fig. 2.30 by a similar factor, i.e. flattening the
drastic onset of HD degradation and pushing Vrp away.
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Guidelines for high-performance GaN-on-Si substrates

The learnings percolating from this section suggest a procedure to reach
highly resistive AIN/Si stacks without needing a complex design of experi-
ment (DOE) or the use of additional process steps.

i. Production of one sample with low TMAI predose, corresponding to
positive charge in the interfacial layer;

ii. Production of one sample with large predose, corresponding to highly
negative charge;

iii. Extraction of the interface charge for samples i and ii;

iv. Linear interpolation to determine the precise predose leading to the
close-to-ideal case of no net interface charge.

Furthermore, it can be expected that the methodology described here can
be applied for complete HEMT stacks as the upper III-N layers only slightly
shift the y-intercept of Fig. 2.27 by formation of additional predose-in-
dependent charge. Indeed, it has been observed during the learning cycles
of the epitaxy process that the RF loss of full HEMT stacks and the corre-
sponding AIN/Si stacks could be correlated, as shown in Fig. 2.1.

Finally, particular care should be given to the control of bulk Si polarity
as well as the relevant range of DC bias in which the substrate will operate,
in order to preserve good substrate performance for the entire bias range.
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Chapter summary

In this chapter, the AIN/Si stack was studied as a determining area for
substrate-induced parasitic effects in GaN-on-Si technology.

The first part of the chapter discussed the electrical toolbox available
to characterize the AIN/Si structure, and more generally all MI(O)S-like
stacks aimed at RF applications. The well-known vertical capacitance and
conductance measurements are a powerful and versatile technique, even
though their interpretation can be made more complicated by the combina-
tion of a relatively thick dielectric and a HR Si substrate which increases the
series resistance. A more direct measurement of the substrate conductivity
was also considered. The backside Hall effect measurement on Van der
Pauw samples allows to obtain some information about the conductivity of
the bulk and the surface of Si, together with the polarity and mobility. A
key advantage of this method is that is does not require the removal of the
dielectric layer.

Next, the semi-vertical MI(O)S capacitor structure was introduced as
a potential solution to limit the series resistance issue pointed out in ver-
tical C- and G-V measurements. The concept was implemented in a first
demonstrator, fabricated in the Winfab facility. Ohmic contacts on the PSC
layer were achieved, with however a relatively high contact resistance.
The C-V measurements were also demonstrated. The expected decrease
in Rs was not observed but potential improvements in the design were
pointed out. The semi-vertical structure also allows the fabrication of novel,
3 terminal-structures which function like a MOSFET with the PSC layer as
a channel.

Finally and most importantly, a complete understanding of the AIN/Si
system was presented, linking process parameters, material properties and
electrical characteristics. The main takeaway points are summarized below.

¢ The change in TMAI predose modifies the composition of the AIN/Si
interface. More particularly, the interface is N-rich for low predose
values, and C-rich for high predose.

* pefy is particularly sensitive to TMAI predose, with an apparent non-
linear relationship showing a maximum p, for a certain predose.

¢ The increase in relative C fraction at the interface comes together with
negative fixed charge at the interface. Notably, the charge shows a
linear correlation with TMALI predose.
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Fig. 2.31 Benchmark plot for small- and large-signal performance of GaN-on-Si
substrates and AIN/Si stacks. A correlation is observed between p,¢s and harmonic
distortion, with the samples where TMAI predose was varied (pink stars) also
following the correlation. The other AIN/Si samples (blue triangles) represent
additional samples grown in various MOCVD reactors in various locations.

* By tuning the TMAI predose (a process requiring the fabrication of
only two samples and simple characterization), it is possible to achieve
an AIN/Si interface with almost zero charge and exceptionally high

Peff-

The procedure presented for AIN/Si interface engineering can also be ap-
plied on full-stack GaN-on-5i substrates.

The interface optimization study has lead to the fabrication of AIN/Si
stack with excellent RF performance. As presented in Fig. 2.31, a sample
with optimized TMAI predose reaches p, ¢ close to 10k() - cm and H2 of
-88 dBm.
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Introduction

In Chapter 2, the interface between the AIN nucleation layer and Si was
studied and optimized for reduced substrate loss and non-linearity. In this
chapter, the next part of the GaN-on-5Si material stack is tackled. Following
AIN, a complex strain-relief buffer must be grown. Because of the lattice
mismatch between AIN and GaN, direct growth of a GaN layer on top of
AIN will lead to a high number of dislocations or even cracks, and more
generally a poor crystalline quality GaN layer incompatible with the high
mobility requirements of an RF transistor [91]. It is thus necessary to reduce
the strain and dislocation density to reach the highest possible GaN channel
quality, which is done using a so-called buffer. This buffer can take the
form of an Al,GayN graded composition buffer, where the Al fraction is
graded from x = 100 % (nucleation layer) to x = 0 % (GaN channel). It
allows progressive annihilation of dislocations and subsequent improved
crystal quality (Fig. 3.2). However, most of the state-of-the art GaN-on-Si
technologies (including imec GaN-on-Si) use a superlattice structure to
achieve the progressive improvement of crystalline quality (Fig. 3.1). The
superlattice consists in a succession of a high number of thin AIN/AlGaN
pairs. The many interfaces created by the superlattice structure are able to
effectively filter out dislocations. The overlying GaN layers end up with a
decreased dislocation density [92].
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Fig. 3.1 Cross-sectional TEM image
of a GaN-on-5i buffer, showing the re-
duction of dislocation density by us-
ing a superlattice buffer. Reproduced
from [93]. © 2012 IEEE
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Fig. 3.2 Cross-sectional TEM image
of a GaN-on-Si buffer using a 2-step
graded Al,GayN strain-relief buffer.
Reproduced from [94]. Reproduced
with permission from Springer Na-
ture

The final element in the GaN-on-Si stack before reaching the GaN chan-
nel of the active device is a GaN buffer. Following the strain-relief buffer,
a thick (~ 1um is typical) GaN layer is grown to further improve the
crystal quality and reduce the dislocation density. Vertically, the higher
dislocation density in GaN-on-5i films compared to GaN films grown on
better-matched substrates such as SiC leads to a reduction in V},. For lateral
devices, the lower critical field of Si is decreasing the V;,. Another con-
tributor to V},, decrease are nitrogen vacancies which artificially make the
GaN material n-type. To compensate these vacancies, the introduction of
a doped GaN buffer has been found to help recover high V}, values and
reduce he vertical leakage [95]. Fe and C are the two most commonly used
compensation dopants in GaN. Since the imec process uses a C-doped GaN
buffer (cGaN), this chapter will not discuss Fe doping. The C concentrations
used to fabricate highly-resistive buffers range from 10'® cm~3 to 5 x 10%°
cm 3. However, these dopants act as traps: the energy level which they
typically occupy in the GaN bandgap is significantly further away from
the valence band than kT, preventing them from being fully ionized in all
conditions. Consequently, they can give rise to undesired parasitic effects,
the most famous of which is the dynamic Rpy effect.

Abnormal drift in the HEMT Roy (also called current collapse) when
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Fig. 3.3 (right) Pulsed-IV evidence of the Rpy dispersion effect caused by trapping
in the cGaN layer. The effect is more significant when a high quiescent voltage is
used. (left) Engineering of the back-barrier can help mitigate the current-collapse in
RF HEMTs. Reproduced from [96]. © 2023 IEEE

the device is stressed for a long time is a widely reported issue. Charge
trapping occurs in the cGaN layer which in turn causes the 2DEG density
at the GaN/AlGaN interface to change over time. Consequently, the device
performance can be degraded when a high drain voltage is applied for a
long time. It is possible to mitigate the impact on the HEMT performance
by engineering the back-barrier of the device, for example with a composite
AlGaN/cGaN back-barrier as shown in Fig. 3.3 [96]. The importance of
providing sufficient transport paths in the buffer is also a proven leverage
[97].

In this chapter, it will be shown for the first time that such dispersion
effects can also manifest themselves in RF substrate figures-of-merit p,f¢
and HD. This chapter is a deep dive into the bias dependence of substrate
FOM, taking into account the time-dependent aspect which is dominating
dispersion effects. It is important to measure and understand the bias
dependence of p,sf, as inspection of the p,¢¢ versus bias curve is often a
good indicator of the harmonic distortion of a particular substrate. This
correlation between the bias dependence of p,rs and HD has been shown
for SOI substrates [54], but the complex nature of GaN-on-Si epitaxial
stacks brings additional effects that should be considered. Furthermore, a
degradation of p,r with bias is detrimental for substrate-sensitive active
blocks such as the RF switch or the power amplifier (see Chapter 4).

In particular, trapping in the cGaN layer is described in the context of
substrate loss. A custom experimental setup is developed to demonstrate
this effect. Slow trapping/detrapping mechanisms in the upper III-N layers
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are shown to effect substrate RF FOM. With help of TCAD modelling,
the transient effects are reproduced and guidelines are provided for their
mitigation.
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Fig. 3.4 (a) Schematic of a MIS structure in which a single insulating layer is used
to represent the III-N epitaxial stack. (b) More accurate 3-layer representation of the
epitaxial stack. Charge redistribution takes place in the buffer layers.

Charge redistribution in GaN-on-Si MIS capacitors

GaN-on-Si as an MIS structure

The complex nature of GaN-on-Si stacks makes modelling them a difficult
task, especially in a TCAD environment. Such stacks typically contain
more than 10 individual layers with different material properties (see Fig.
3.1). Regarding RF substrate loss description however, it is helpful to
treat the CPWs fabricated on a GaN-on-5i stack as simple Metal Insulator
Semiconductor (MIS) structures.

As a first step, all the III-N layers (AIN nucleation, buffers and channel)
are represented by a single equivalent insulator, such as represented in Fig.
3.4a. This significant simplification allows to apply the well-known theory
of Metal Oxide Semiconductor (MOS) capacitors to GaN-on-5i [77]. Several
hypotheses need to be verified for it to be valid.

1. Negligible DC current across the III-N layers or Si, in order to as-
sume thermal equilibrium in the Si substrate. As it will become clear
later, thermal equilibrium is not achieved in the buffer layers due to
charge redistribution but it is required in Si to assume that it responds
immediately to the change in buffer charge.

2. No conductive layer inside the epitaxial stack: only free carriers in the
Si substrate can respond to small- or large-signal excitation.
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Fig. 3.5 Vertical leakage current measured for a 2.505 pm-thick GaN-on-Si stack
with a 175 nm-thick AIN nucleation layer. The growth was stopped before the
AlGaN barrier. The current remains under 100 pA/mm? for the bias range of
interest.

3. Negligible current injection from the CPW metal into the GaN channel,
or from the Si substrate into the AIN layer. None of the redistribution
mechanisms do modify the total charge of the epitaxial stack.

DC current across the AIN/Si interface exists and has been investigated
in Section 2.4.4. However, when the full buffer is grown on top of the
nucleation layer, the DC voltage drop across the AIN/Si interface becomes
small compared to the applied voltage because the buffer is usually ten
times thicker than the AIN layer. The measured DC current for a full stack
(Fig. 3.5) ends up being negligible for the range of bias voltages considered
here (’Vchuck| <50V).

Furthermore, there is no layer in the III-N stack with sufficient con-
ductivity to contribute significantly to conductive RF loss. Free carrier
concentration in the bulk III-N materials is many orders of magnitude lower
than in silicon and careful optimisation of the buffer structure suppressed
any undesired two-dimensional electron/hole gas (2DEG/2DHG). This has
been confirmed by capacitance measurements, where capacitance in strong
accumulation (Cgec) corresponds to the full III-N stack thickness (¢t777-n):

A

(3.1)
FIII-N

Cace = €111-N

Finally, current injection from the top metallization into the GaN channel,
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if any, does not contribute significantly to the observed stress/relaxation
sequences. As will be described later, passivating the GaN channel with a
140 nm-thick SiO, layer does not alter the bias- or time-dependence of p, .
The previous considerations allow us to ignore any DC current from the
CPW traces to the chuck and to consider the complex GaN-on-Si substrate
as a variation of the extensively studied MOS structure with additional
charge redistribution mechanisms inside the insulator layers.

Flatband voltage and charge redistribution

For MIS or MOS systems, the number of free carriers at the surface of silicon
is determined by the difference between the applied voltage (V;) and the
flat-band voltage (Vrp). For example, the electron density at the AIN/Si
interface is expressed as (for a n-type substrate):

nint = Np expvs, (3.2)

in which Np is the bulk doping level and v; is the band bending at the Si
surface. Vpp corresponds to the gate voltage to be applied for zero band
bending in silicon (i.e., for njyT = np), and is given by:

_ Qui-nN (33)

VEB = Pms Ciin’

where ¢ is the metal-semiconductor workfunction, Qjj;_n is the equiv-
alent interface buffer charge per unit area contributing to Vrp and Cjjj_n
is the capacitance per unit area of the semi-insulating III-N layers. In most
cases and especially in GaN-on-Si where Qpy;_y is large, ¢prs is lower than
1V and Vrp is dominated by the second term of Eq. 3.3. The presence of
a non-zero Qjyj—n will lead to a flat-band shift (AVrp) compared with the
theoretical charge-free case.

For the classical case of the SiO,/S5i system, the oxide charge is entirely
confined in a region close to the oxide/silicon interface and is independent
of bias [77]. In such cases, Eq. 3.3 is valid as is, with Q representing the
sheet charge at the interface. However, due to the semi-insulating nature of
II-N buffers, GaN-on-Si buffer charge can consist of a non-trivial spatial
distribution of trapped charges and free carriers. Qj;_p is then given by:

1 tIr-N
QIU—N = ; / xq(x)dx (3.4)
III-N J0
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Fig. 3.6 (a) Charge distribution used in the simulated MIS stack. (b) Flat-band
voltage shift calculated for the charge distribution shown in (a). The position of
the peak charge is varied from the GaN channel/buffer interface to the buffer/AIN
interface. AVrp depends on the charge density, but also on its position in the buffer.

Where q(x), the space-dependent charge per unit volume, is integrated from
the metal/III-N interface (x = 0) to the AIN/Si interface (x = t;;;_n). Eq.
3.4 demonstrates that equivalent interface charge, and consequently Vrp
is dependent on the spatial distribution of charge. For instance, charges
located closer to Si will lead to a greater modulation of Vrp and consequently
of n INT-

As will become apparent in the following sections, the charge distri-
bution in the III-N layers is dependent on time and bias. Under non-
equilibrium conditions, charge redistribution can take place, thus modifying
the QN according to Eq. 3.4.
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Modelling
Flat-band voltage

Following the theoretical considerations of Section 3.2.1 for a 2-layer (III-N
and Si) MIS system, a slightly more complex system is now considered in
a TCAD environment to better represent the physical epitaxial stack (Fig.
3.4b). This stack contains three layers:

1. The AIN nucleation layer, which does not contain mobile charge;

2. The buffer layers are replaced by a single equivalent layer, in which
charge redistribution is taking place;

3. The unintentionally doped (u.i.d.) GaN channel. A background dop-
ing (n-type) is considered, with Np = 1 x 10 cm 3.

The Si substrate is n-type. As is often the case in GaN-on-5i, the thermal
budget associated with epitaxial growth leads to activation of TDs, inverting
the polarity of the entire Si wafer from p-type to n-type. The bulk and
surface doping levels are corresponding to SRP measurements. Instead of C
trap levels in the buffer, a simple positive charge distribution g(x) sharply
localized around a variable depth x is added (Fig. 3.6a). The DC simulation
is repeated for different values of xp and g(x).

Firstly, Fig. 3.6b shows the calculated AVpp for this MIS structure accord-
ing to Eq. 3.3. As an example, a charge peak with a density of 1 x 10! cm~3
located at xg = 1 pm from the GaN channel surface causes a flat-band shift
of ~10 V. By sweeping the position of the peak charge xo from the GaN
channel/buffer interface to the buffer/AlN interface, the integrand in Eq.
3.4 is modified and consequentlyAVrp changes by a factor exceeding 3.
While the effect is limited for low charge, for the highest charge density
studied (3 x 108 cm~3, comparable to active C doping concentration in
GaN-on-5i buffers [98]), up to 60 V shift is theoretically possible.

Interface carrier concentration

Secondly, the resulting change in p,fy is considered. The shift in Vg caused
by charge redistribution across the semi-insulating layers will in turn affect
the conductivity of the PSC layer (Gpsc) and p,f¢. Indeed, changing Vgp is
equivalent to applying a corresponding bias on the MIS structure, attract-
ing or pushing free carriers away from the AIN/Si interface. The carrier
concentration will be modulated according to Eq. 3.2 and PSC conductivity
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Fig. 3.7 Interface free carrier sheet density for different positions of the localized
charge. For high peak charge, njyr is strongly affected by buffer charge location.

will be affected accordingly:

Gpsc ~ q (PINTHp + NINTHR) - (3.5)

Because of the non-uniform doping profile in Si, the execution of this ex-
ercise is more practical in a TCAD environment. Fig. 3.7 shows the simu-
lated evolution of free electron concentration close to the surface of a high-
resistivity n-type Si substrate (n;yr) for different positions of a positive
charge distributed according to Fig. 3.6a. njyT was obtained by integrating
the electron concentration n over the first pm of Si.

A reliability issue for low-loss substrates

It is important to mention that the considerations above only become rele-
vant for high-p, ¢ substrates. To exemplify this, consider the 2D extension
of the 1-D system of Fig. 3.4. Electrodes are added on top of the III-N stack
to represent the cross-section of a CPW line. A small-signal simulation of
this 2D structure allows extraction of p.¢r as a function of the position of
the localized charge x(. Three different Si substrates are considered for the
simulation. The p-type doping profile close to Si surface responsible for the
PSC layer and measured by spreading resistance profiling (SRP) is included
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and multiplied by 1 (physical profile), 10 and 100 (hypothetical high-loss
substrates) to obtain p, ff values of 1100 Q) - cm, 550 Q) - cm and 120 Q) - cm,
respectively.

As expected from Section 3.2.3, p, sy is affected by the position of the
charge peak (xp) for all substrates, as shown in Fig. 3.8. The simulated
peff has been normalized to its value when x is in the middle of the buffer.
However, the relative variation is more significant for the high-p, ff substrate
(up to ~15 % variation) than for the low-p,f; one (negligible variation).
Indeed, a given AVpp will impose a charge compensation in Si, AnjyT, that
is independent of the substrate resistivity. In case of a high p,y, the initial
ninT is relatively low, so that:

Annt > nINT- (3.6)

Consequently, a significant p,sr modulation is achieved. However, for a
highly conductive PSC layer (low p,f), the number of free carriers at the
interface is very large. The flatband shift being independent of Si, the
following relation is verified:

Anint < nINT, (3.7)

and the relative p, s modulation is lower.

Furthermore, this implies that the buffer charge redistribution has a more
significant effect at room temperature. As temperature increases, thermally
generated free carriers in the Si substrate contribute to its conductivity
increase, and thus the decrease of the p,fr. This effect has been discussed in
detail in Chapter 1. Consequently, the relative variation of p,ss during the
stress experiments at 190 °C is expected to be more limited compared with
50 °C.

Inclusion of C traps and transient simulation

Now that the interplay between the spatial distribution of charge and p,fs
has been discussed, the actual C doping can be included in the model
to match experimental data. Carbon is modelled as a dominant acceptor
trap level (E; = E, + 0.9eV), compensated by shallow donor traps with a
compensation ratio of 50%. The capture cross-section is set to 1 x 1071
cm~2. This is the most common way of representing C doping in GaN-on-Si
[99]. The acceptor traps can be neutral when empty or negatively charged
when ionized (filled with an electron).
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Fig. 3.8 Variation of normalized p, s as a function of the position of the localized
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Fig. 3.9 (a) Schematic of the simulated structure, with the regions of interest
highlighted. The C doping is set to 1 x 10 cm~3 and the simulated area is 1
pm?. (b) Simulated evolution of space charge (consisting mainly of ionized C traps)
responding to a bias step from 0 V (t < 0) to +50 V (¢ > 0). The charge redistribution
is taking place over ~1000 s. Temperature is set to 25°C

To exemplify a typical charge distribution process, a voltage step from 0
V (t < 0) to +50 V (t > 0) is imposed on the Si substrate. The space charge
(consisting mainly of ionized C traps) is then tracked over time. Two regions
of interest are considered, in which the charge is integrated: the top and
bottom of the C-doped bulffer. Times greater than 100 ms are considered to
ensure the Si substrate is at thermal equilibrium [100]. Then, the voltage
drop across Si is negligible compared to the voltage drop across the III-N
stack.

The positive voltage imposed on the substrate attracts negative charge
towards the bottom of the buffer and positive charge at the top. C traps at
the bottom of the buffer progressively become ionized, which can also be
seen as emitting holes. The holes then move towards the top of the buffer
to be captured by ionized traps, making the top of the buffer progressively
less negatively charged. This redistribution process can be seen as a gradual
change in the g(x) function in Eq. 3.4, which in turns modifies Vgp. This can
be more clearly seen by analyzing vertical cutlines taken at increasing stress
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Fig. 3.10 TCAD simulated evolution of space charge (consisting mainly of ionized
C traps) responding to a bias step from 0 V (t < 0) to +50 V (t > 0). Cutlines
are taken at increasing stress times. The X coordinate is measured from the upper
surface of the C-doped buffer. Temperature is set to 25 °C

times, as shown in Fig. 3.10, which is a different view of the simulation
performed in Fig. 3.9.

The conduction process for holes and more generally the modelling of
the response to a step in bias is discussed in more detail in Section 3.5.

In the next sections, an experimental study of the time-dependent pro-
cesses introduced here is presented and interpreted with help of the charge
redistribution concept.
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Devices and characterization setup

Samples under study

The samples of interest for the study of time dependence of p, ¢ are repre-
sented in Fig. 3.11. The epitaxial stacks (samples A1l,A2,A3 and B) used in
this study have been grown using imec’s GaN-on-5i buffer recipe, in a Veeco
Turbodisc Maxbright reactor. AllIII-N/Si samples use a starting HR Si wafer
originating from the same supplier. These p-type (B doping) wafers have a
nominal resistivity specified between 3 and 6 k(2 - cm and their interstitial
oxygen concentration is not specified. In addition to the epitaxial stacks, an
oxidized HR Si wafer is also studied as a reference (Sample C). Here, the
nominal resistivity of the Si wafer is >5k() - cm. A 200 nm-thick SiO, layer
was deposited by plasma-enhanced physical vapour deposition (PECVD)
to reproduce a typical HR SOI substrate used for partially-depleted (PD)
SOI technology. The main characteristics of each sample are summarized in
Table 3.1 and are detailed hereafter.



Sample name Starting Si Epitaxial stack Additional processing
Al 3-6 k() - cm Full ~ 2.51 pym GaN-on-Si HEMT CPW metal
buffer
A2 3-6 kQ)-cm Full ~ 2.51 pm GaN-on-Si HEMT 140 nm SiO, + CPW metal
buffer
A3 3-6 kQ) - cm Full ~ 2.51 ym GaN-on-Si HEMT 140 nm SiO, + N isolation implant
buffer + CPW metal
B 3-6 kQ)-cm 175 nm AIN nucleation layer 8.5 nm Al,O5; + CPW metal
C >5k() - cm (n-type) 200 nm PECVD SiO, CPW metal

Table 3.1 Description of the samples used in this study

uolinquisipas a8.eyd Jajng
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Sample Al comprises the full HEMT buffer stack including the 300 nm-
thick GaN channel. To avoid the highly conductive 2DEG at the surface
of the channel, growth was stopped before the AlGaN barrier forming
the heterojunction. Sample A2 underwent the same epitaxial grown as
sample Al. Additionally, a 140 nm-thick SiO, layer was deposited after the
growth. The purpose of this layer is to prevent any leakage current across
the III-N layers and verify that the observed phenomena are not caused
by such leakage. Indeed, while the materials used are semi-insulators, a
non-negligible leakage current could exist at high vertical electric fields and
potentially cause transient effects. Sample A3 also has the same epitaxial
stack as samples Al and A2 and the additional SiO, layer like sample A2.
Then, the 3-step N isolation implant is performed. The implant procedure
and its impact have been described in Chapter 1. Both implanted and
un-implanted stacks are of importance. The implanted epitaxial stack is
seen by all passive structures such as transmission lines and inductors. The
un-implanted stack will lie below active circuitry such as the RF Switch or
PA which are sensitive to substrate loss and distortion (see Chapter 4).

For sample B, growth was stopped after the AIN nucleation layer. Then,
a ~ 8.5 nm-thick Al,O; layer was deposited using atomic layer deposi-
tion (ALD). The deposition was performed in a Cambridge Nanotech Fiji
equipment available in the Winfab platform. The purpose of the Al,O4
passivation can be understood from Fig. 3.12, which shows the vertical
current density (current per unit area) for un-passivated and passivated
AIN. Un-passivated AIN shows a moderate current density for a small-area
electrode but a significantly higher current density for a large-area electrode.
It is known that current across epitaxial AIN layers can flow through pits
[101]. A limited number of pits are present under the 0.01 mm? electrode
and much more under the 1.5 mm? electrode, allowing more current which
does not necessarily scale linearly with area. A high leakage current makes
applying bias on the CPW line difficult and is an artefact of treating with an
AlN-only stack (i.e., it would not be present for full-stack samples, where
vertical leakage is more limited). After ALD passivation, the current is
suppressed.

Finally, sample C represents a SOI reference which is not expected to
show any transient phenomena.

Following sample fabrication and processing, CPW metal was deposited
and patterned on all samples.
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Fig. 3.12 A high leakage current across the AIN layer can take place. The current
density is significantly higher on large-area electrodes, indicating the contribution
of pits. Al,O5 passivation of the AIN layer suppresses the leakage current.

Characterization procedure

The small- and large-signal setup is identical to what has been described in
Chapter 1. Two different measurement procedures are investigated here.

Hysteresis measurement

In the first one (hysteresis measurment), the chuck bias is swept in the fol-
lowing sequence: 0 V — |Vyax| — —|Vinax| — 0 V. Chuck bias is swept
rather than CPW central conductor bias to ensure a uniform polarization of
the interface. The bias ramp rate is set to 10 V/min. The value of Vj,y is
50 V for full GaN-on-Si stacks but is adapted to 15 V for samples B and C
which have much thinner dielectric layers.

Stress-relaxation sequences

In the second sequence (represented schematically in Fig. 3.13), stress-
relaxation sequences are imposed on the chuck. Chuck bias and VNA
trigger are synchronized by the controller PC, which also tracks stress and
relaxation time. Logarithmically spaced time delays are imposed between
each RF measurement, represented by the blue squares in Fig. 3.13. The time
resolution and smallest time step of this setup is of ~100 ms, corresponding
to the sum of PC-VNA communication, VNA acquisition and VNA saving
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Fig. 3.13 Schematic of the stress-relaxation measurement sequence. The VNA
trigger sequence is controlled by a Matlab script on the controller PC.

times. DC bias ramp time is shorter than 1 ms. Only 11 frequency points are
measured around a frequency fy = 2 GHz to reduce the VNA acquisition
time associated with a full frequency sweep. In sufficiently resistive sub-
strates (0. > 2 kQ)- cm), 2 GHz is high enough for the CPW line to have
transitioned from the slow-wave mode to the quasi-TEM mode. This trun-
cation of the frequency sweep was also adopted in the first measurement
sequence.

Application to large-signal measurements

To apply the stress-relaxation sequence to large-signal measurements and
obtain sufficient time resolution, it is necessary to reduce the duration of the
power sweep usually associated with such measurements. To do so, only 5
points of the input power sweep were used, centred around P;,, = 15 dBm.
A power level of 15 dBm is chosen for its common use in substrate linearity
reports.

Front side and chuck bias

Throughout this chapter, the bias is applied to the chuck (backside) rather
than on the central conductor of the CPW line. This latter choice is typical in
SOl literature and allows straightforward correlation (in terms of flatband
voltage) with C — V measurements where bias is also applied on the front
side.

The reasons for preferring chuck bias in the experiments presented here
are twofold.

1. The internal bias tees of the VNA are limited to £40 V. This means
that applying more than 40 V between the signal (central trace of the
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Fig. 3.14 Schematic representation of the free electrons distribution when the bias
is applied on the signal trace of the CPW line (left) or on the chuck (right).

CPW line) and the ground (ground planes of the CPW line) of the
coaxial RF cable requires the use of external bias tees. It is thus easier
to apply the bias directly on the chuck and keep the signal and ground
traces of the CPW line at the same DC bias.

2. Applying the bias on the chuck leads to a potential difference between
the chuck and all traces of the CPW line, versus only the central
trace in the classical case (Fig. 3.14). This induces a more uniform
distribution of the free carriers at the Si surface, which is preferred
because CPW measurements can then be better interpreted with 1-D
charge redistribution models.

In addition, the existing literature for AlGaN/GaN HEMTs (Rpy degrada-
tion experiment) also generally considers a backside bias.

It should be noted that physical surface state obtained with the bias
applied on the chuck corresponds to the opposite bias applied on the central
conductor. For clarity, graphs as a function of DC bias employ a —V;,cx on
the x-axis, which can be understood as an equivalent top bias.
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Hysteresis in GaN-on-Si substrates

Harmonic distortion prediction by inspection of effective resistivity versus
bias curves

In SOI technology, a correlation between harmonic distortion and p,¢¢ has
been observed for a wide variety of samples in [54]: as p,fs increases,
the substrates were observed to be more linear. More specifically, while
the absolute value of effective resistivity had an impact, it was the bias
dependence of p,¢s that had the most significant influence. Varying the bias
applied on the CPW line and measuring the p, ¢ (Vpias) (0r G(Vpigs), which
is equivalent) curve could then provide a first-order prediction of harmonic
distortion.

The link between p,f f(Vbz‘as) and harmonic distortion has recently been
shown to be more subtle [100]. Indeed, the small-signal bias sweep is
taken at thermal equilibrium of the Si substrate for each bias point, whereas
the large-signal excitation presents a period that is too short to ensure
continuous equilibrium. Consequently, the two measurements do not take
place in the same conditions from the point of view of Si. For instance, the
Si surface polarity cannot be inverted as a response to the 900 MHz large
signal, as thermal carrier concentration requires at least a few ms. However,
free carriers can still be attracted or pushed away from the Si substrate
in such short times if sufficient reservoirs are available (e.g. a PSC layer
directly connected to the region below the CPW line).

While the HD-p, ¢ (Vi) correlation is not so straightforward, the bias
dependence of p, ¢ can still be used as a tool for bias regions relatively far
from the flatband voltage. A highly bias-dependent p, is likely to be a
signature of a strongly non-linear substrate.

In GaN-on-Si, further issues related to time dependence are preventing
this simple techniques to be used. This section demonstrates those issues
experimentally.

Origin of hysteresis in effective resistivity

The results of the so-called hysteresis measurements for all considered
samples are displayed in Fig. 3.15. For the samples presenting hysteresis,
the peak voltage difference (AV)) is defined as the difference, in volts,
between the two points where p, ¢ is maximal (forward and reverse seep).
Because p,fs is normally highest around the flatband voltage Vf;, AV} canbe
seen as a measure of the flatband voltage shift induced by time-dependent
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effects.

Full HEMT un-implanted stack

Sample A1 (full stack, no passivation or implant) shows a significant hystere-
sis, with AVP =~ 40V. This is in strong contrast with sample B (passivated
AIN/Si), for which the two sweep directions are superposed. Because the
Si substrate and AIN/Si interface are identical for samples A and B, the
cause for the hysteresis can be pinpointed to the III-N layers. Furthermore,
a similar trend is seen for both samples Al and A2 (full stack with 140 nm
SiO, passivation), which indicates that vertical leakage or carrier injection
is not the cause of the observed behavior as the thick passivation layer in
sample A2 would effectively prevent any DC leakage.

The voltage ramp rate (10 V/min) imposed on the chuck is too slow
to put the Si substrate out of equilibrium [100]. However, it seems to be
shorter than the time constant of buffer charge redistribution processes. The
considerations of Section 3.2.1 point to an explanation for the hysteresis.

When the chuck bias is changed, charge redistribution occurs contin-
uously in the C-doped III-N buffer layers. The equivalent charge seen by
Si (Qqr—nN) is modified and so is Vrg. When the bias reaches V,j,,,;x = 50V
(first quarter of the total sweep), the flatband voltage of the MIS structure
is different than in the beginning of the experiment as some redistribution
has occured. Because the time constants corresponding to the redistribution
processes are significantly longer than the duration of a voltage sweep (and
perhaps asymetrical), the flatband voltage at 0 V on the reverse sweep is
different than before the measurement. Consequently, a flatband voltage
shift is observed.

The Si substrate responds to both the change in Vrp and in V¢ in
a complex manner, but can be considered instantaneous with respect to
the voltage ramp rate. The charge imposed by the change in V,j,;,x can be
provided by both Qjj;—n and free carriers at the surface of Si. A simpler
experiment to better isolate the contributions is described in the next section.

Compared to SOI substrates, an additional layer of time dependence
now has to be considered when investigating the response of the GaN-on-5i
substrate to large-signal excitation. The relevant time scales are as follows.

* ~ 1ns: period of the large signal
* ~ 1ms: time required for the Si substrate to reach thermal equilibrium

* 10 —10,000s : time required for the III-N buffer to achieve equilibrium
through charge redistribution processes.
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Because of the buffer charge redistribution, the inspection of a p,¢¢(V) to
predict HD is impractical.

AIN/Si and SOI reference

The peff(Venuck) trend of samples B and C can be correlated to their top-
down metal-insulator-semiconductor (MIS) capacitance-voltage curve in
Fig. 3.16: p,r is highest at bias points close to the depletion region of the
C-V curve. For samples B and C, the difference in p, ¢ between the positive
and negative chuck bias regions can be explained by the higher mobility
of electrons compared to holes. An electron-rich PSC layer is favored by
negative Viy,c, causing a lower p, ¢ in that region.

Interestingly, conductivity at 0 V is n-type for sample B, despite a starting
p-type bulk Si and Al/Ga back-doping during AIN growth. This inversion
of the polarity of the bulk Si has already been described in Chapter 1 and
can be linked to activation of TDs induced by interstitial oxygen atoms. This
is the reason why sample B has C-V characteristics similar to an n-type SOI
substrate such as sample C.

Implanted stack

Compared to the un-implanted samples Al and A2, samples A3 shows
a lower p,f¢, which is attributed to an additional buffer fixed charge, but
limited hysteresis. Actually, while p,f is slightly decreased, the implant
step leads to a strong reduction of its bias dependence, especially for positive
Vehuck- This is attributed to possible Fermi level pinning in the upper half of
the GaN bandgap due to N-implantation. The very large density of defects
induced in the buffer layers by N ions could lead to the formation of a
trap-rich-like buffer, which then supports most of the charge to compensate
Vehuck- Buffer charge redistribution and change in the free carrier population
at Si surface then become negligible. This effect seems to be most significant
in one part of the bandgap, where the N-induced defect levels are found. It
is predicted that these levels lie about 1 eV from the conduction band [50],
[103].

Temperature dependence of hysteresis

To further investigate the dynamic effect, p,¢¢(V) scans were performed at
different chuck temperatures (Fig. 3.17). A decrease in overall p, s can be
observed due to lower bulk HRSi resistivity at higher temperatures (see also
Section 1.5). More interestingly, the hysteresis reduces with temperature.
For example, a AV), of only ~10 V is observed at 175 °C as compared to ~40
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Fig. 3.15 Bias dependence of p, s for all studied samples at room temperature.
The significance of the hysteresis can be quantified with the AV), quantity. For all
samples, CPW slot width is S = 50 um and bias ramp rate is 10 V/min. Temperature
is 25°C. Reproduced from [102]. ©2021 IEEE.
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Fig. 3.16 Top-down MIS C-V measurements for sample B (AIN/Si) and C (SiO,/n-
type HR Si reference). Reproduced from [102]. ©2021 IEEE.
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V at 25 °C. This can only indicate an acceleration of the charge redistribution
as temperature increases. The high temperature [p,ff(V)] curve is thus
closer to an equilibrium curve. In [104], it was shown that time constants in
heavily C-doped buffers strongly decrease with temperature. Consequently,
hysteresis related to the slow emission of buffer traps reduces, and the high
temperature [p,r¢(V)] curve is closer to an equilibrium curve.

Because the chuck bias is varied continuously in the hysteresis experi-
ment, it is difficult to obtain an estimate of the time a GaN-on-Si stack needs
to reach thermal equilibrium. In the next section, the response of p.f¢(V) to
a more simple bias step will be examined.
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Fig. 3.17 p.¢s of sample Al versus chuck bias at different chuck temperatures.
Both p, s and the hysteresis decrease as the chuck temperature is increased. Inset :
the trap-induced flatband shift (measured by AV)) is lower at higher temperatures.
Reproduced from [102]. ©2021 IEEE.
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Stress-relaxation sequences and their modelling

A backside bias step constitutes a simpler stimulus compared to a contin-
uously varying voltage. Furthermore, the GaN-on-Si stack is inevitably
experiencing a stressed condition in an actual circuit: drain bias values
can be on the order of several tens of volts, sustained for a long time. The
stress-relaxation sequences thus constitute an important case study from
the application perspective as well.

From a more fundamental point of view, stress-relaxation sequences
taken at different temperatures can allow extraction of activation energies
in order to elucidate the limiting mechanism.

Time dependence of effective resistivity under stress

The small-signal stress-relaxation sequences are taken at temperatures rang-
ing from 50 °C to 190 °C. Effective resistivity is extracted and normalized at
each temperature to the second measured point. The normalization ensures
that only time-dependent processes in the buffer are observed and discards
the temperature-dependence of p,¢s. The second point is chosen because a
large time uncertainty can exist on the first point. After each stress sequence,
a 10,000 s relaxation time allows complete return to thermal equilibrium
and ensures an identical initial state for all measurements.

Sample Al (un-implanted)

At 50 °C, the un-implanted GaN-on-5i substrate shows a p,fs of ~ 1.2k}
cm at 0 V. From Fig. 3.18 the following experimental observations can be
made:

e Time to steady-state for both bias conditions exceeds 1,000 s at the
lowest considered temperature of 50 °C;

* At temperatures of 50 and 100 °C, p. s changes by a factor of 2 over
the stress phase;

* Steady-state is reached at shorter periods of time as temperature
increases;

* Relative variations of p,ss are smaller at higher temperatures.

An Arrhenius dependence is obtained for the experimental time con-
stants. The activation energies corresponding to the thermally activated
mechanisms extracted from the Arrhenius plots of Fig. 3.19. Energies of 0.57



Stress-relaxation sequences and their modelling |

Normalized pff (/)

10° 10! 102 108 10t
Stress time (s)

1.2

Continuous: Sample Al

L1 Dashed: Sample A3

1.0

09r
08}
0.7 f
0.6
0.5

Normalized pfr (/)

Vehuck = +50°V

10° 10! 102 108 10t
Stress time (s)

Fig. 3.18 Experimental stress sequences samples Al and A3, for chuck temperature
ranging from 50 °C to 190 °C: (a) Vjycx =-50 V and (b) Ve = +50 V. The data is
normalized to the 2"d measured point to remove the absolute decrease of p, £ with
temperature. The CPW line used has signal line width of 85 um and slot width of
50 pum, with a length of 4 mm.
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eV and 0.44 eV are found for the stress biases of V,,cx = +50 V and V_ 0k =
-50 V, respectively. Those values, while in range with energies often found
in GaN devices by other means [105], [106], are different from the 0.9 eV
typically reported for C traps at low doping levels. Such barrier reduction
has been observed and could be linked to Poole-Frenkel conduction [107].
It should be noted that no measurable DC current was observed for the
entirety of the stress/relaxation sequence, i.e. there is no leakage at the
AIN/Si interface.

Sample A3 (implanted)

At 50 °C, the implanted GaN-on-5i substrate shows a p,¢¢ of ~ 1.0kQ) - cm
at 0 V. Although the isolation implant slightly degrades p,s, such a highly-
resistive substrate can still be considered quasi-lossless and is well suited for
high-quality passives integration. For this sample, time-dependent effects
were more limited: less than 20% variation of p, s is observed during the
stress phase. The high density of defects induced by the N implant leads to
strong Fermi level pinning in the buffer and furthermore additional buffer
charge lowering the p.rs. When p,r; decreases, the conductivity of the
PSC layer increases and thus reduces its sensitivity to buffer charge change
(see Section 3.2.3). Consequently, all subsequent analysis will focus on the
un-implanted sample Al. Indeed, while it seems that passive structures
lying on implanted regions (sample A3) will be protected from the time-
dependence of p, s, active devices will lie on top of MIS structures similar
to sample A. A degradation of p, s over time of this MIS stack could affect
switch distortion or power amplifier efficiency, as will be shown in Chapter
4.

Time dependent modelling of GaN-on-Si substrates

Activation energy and transport mechanisms

In literature, Carbon doping in GaN usually results in a deep trap level
located ~0.9 eV from the valence band. However, the activation energies
extracted from the curves in Fig. 3.19 are significantly lower than that. This
suggests that capture and emission from the C level directly to the valence
band is not the dominating process. Rather, a reduction of the apparent
activation energy can be caused by a different transport mechanism than
drift-diffusion [107]. Charge redistribution can then be limited by transport
of charge to the traps (e.g. from the top to the bottom of the buffer).

Two possible mechanisms are considered here and fitted to the exper-
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Fig. 3.19 Arrhenius plots for the stress phase in both bias conditions. The ex-
tracted activation energies are 0.44 eV and 0.57 eV for -50 V and +50 V stress bias,
respectively.

imental data. Those models are found to describe well the transport of
charge in C-doped GaN-on-Si buffers assisted by dislocations.

i.

ii.

Poole-Frenkel transport (PF) [108], [109]. Originally used to describe
mobility in organic semiconductors, this model has been found to
work well in disordered regions such as dislocation-rich GaN. The
Poole-Frenkel mobility is given by:

) VE),

—AE B
U = Hoexp kT exp kT

in which AE is the energy level of the defect contributing to transport,
E is the electric field and B, y are fitting parameters which are taken
from [108] (where the authors used an identical material stack to the
one studied here, but in a lateral experiment). The values of these
parameters can be found in Table 3.2.

Variable-range hopping (VRH) [110]. This model has also been found
to describe well transport through dislocations. The mobility model
is given by:

(3.8)

- vgb 2exp qkiT"Z )
;,{ = ? T y (3.9)
exp o —

in which vy is the hopping frequency, E; represents the energy spread
of the trap distribution, and b is the hopping distance. All of these
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Parameter Value
B 0
v -0.019
AE 0.44 eV
b 1.1 nm
0 1 x 1011 Hz
Es 80 meV

Table 3.2 Parameters used in Poole-Frenkel and variable-range hopping
mobility models.

parameters are directly taken from [110] and are reported in Table 3.2.

The models for mobility can be used to fit experimental time constants in
the following way:

] = quE (3.10)

A
T? — guE (3.11)
At o ;4115 (3.12)

The time required to transport a given charge AQ is proportional to 1/uE.
Experimentally, At is defined as the time necessary for p, ¢ to reach 95 % of
its steady-state value or the time at which the dip in p, ¢ occurs, depending
on the bias condition.. It is assumed that the charge to be displaced to
reach a steady-state of p,s is independent of temperature. Then, the time
required to reach steady-state can be used in Eq. 3.12 to fit the model for y.

The electric field in the C-doped buffer is difficult to quantify. Indeed,
potential drop across the epitaxial stack is not necessarily uniform, meaning
that some regions could show larger electric field than others. E is thus
temporarily left as a fitting parameter.

The best fit for both considered mechanisms is displayed in Fig. 3.20.
Clearly, the Poole-Frenkel model achieves the best match to experimental
data, which is consistent with [108] and with what was observed for AIN/Si
structures in Chapter 2. The fitting electric field is 1.93 x 10° V/cm. This is
comparable with a case of uniform voltage drop across the epitaxial stack
E = Vinucek/ tepi, leading to a field of 2 x 10°V/cm.
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Fig. 3.20 Best fit with data for the two considered transport mechanisms for the
condition V;,;x = —50V. The Poole-Frenkel model describes best transport in this
case.

Reproduction of time-dependent effective resistivity

While the Poole-Frenkel model could potentially be implemented in the
TCAD environment [111], a simpler approach was considered here.

i. A wide range of ug in Eq. 3.8 is used to generate mobilities u at a
temperature of 50 °C.

ii. The mobilities are implemented as standard in-band drift-diffusion
mobilities and a time-dependent simulation is performed for each p.

iii. The best-fitting 19 at 50 °C is used to perform the time-dependent
simulations at the other temperatures. In this case, g = 320 cm? -
v-l.s7L

Fig. 3.21 shows the simulated normalized p ¢ during the stress phase
(Vehuek = +50 V) for sample A. A qualitative match with experimental data
is achieved.

It is important to note that the best possible match required a slight
modification to the simulated structure represented in Fig. 3.4. Instead of
considering the entirety of the buffer layers (GaN buffer + superlattice) to
be C-doped as is suggested by SIMS measurements, including C traps only
in the C-doped GaN leads to a better quantitative match.

The activation energy extracted from the simulated curves (0.62 eV) is
also close to the experimental one (0.57 eV). The calibrated and validated
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Fig. 3.21 Simulated and measured normalized effective resistivity during the
stress phase (Vj,,cx = +50 V). Long time constants and temperature-dependent
features observed experimentally are reproduced by the 2D TCAD model.

TCAD model is used in the following to investigate the key parameters
responsible for the slow charge redistribution. The impact of carbon doping
concentration, buffer thickness and transport in the buffer are investigated.

Parametric study

To mitigate the slow time dependence of p, ¢ under stress, two approaches

can be imagined:

i. Reducing the bias dependence of the Si surface. This would require
the implementation of a trap-rich layer in Si, which could take the
form of Poly Si. This is out of the question to preserve good epitaxy

conditions.

ii. Accelerate the charge redistribution process so that the substrate pa-
rameters stay reasonably constant. Several approaches can be imag-
ined: buffer thickness reduction, C doping reduction or mobility

enhancement.

First, Fig. 3.22 considers the possible reduction of the C-doped buffer
thickness. The top and bottom regions are defined in the same way as in
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Fig. 3.22 Modifying the thickness of the C-doped buffer does not accelerate the
charge redistribution process.
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Fig. 3.23 Evolution of trapped charge for different C doping. Proportionally more
charge is being redistributed for low doping, but the process does not accelerate.

Fig. 3.9. With less distance to be crossed by the mobile charges during the
redistribution process, the steady state could be achieved faster. A slight
acceleration is seen in Fig. 3.22 when thinning the cGaN from 2um to
0.5 pm, but the sensitivity to buffer thickness is low. The effect of thinning
down the buffer on the zero-bias p,fs is not considered. With a thinner
buffer, the thermal budget of the MOCVD growth decreases, which might
limit the Al diffusion and lead to a less conductive PSC layer.

Next, Fig. 3.23 examines different realistic C dopings, ranging from
5 x 108 cm =3 to 5 x 10" em 3. To better interpret the results, the trapped
charge is normalized to its value at t§ . The relative fraction of charge partici-
pating in the redistribution process increases with decreasing doping, which
makes sense as the same bias condition is imposed on the chuck requiring
the same amount of mirror charge. However, the rate of redistribution is
not affected by C doping.

Note that the change of C doping is known to modify the transport
mechanisms in the buffer [104]. In the simulation of Fig. 3.23, the C con-
centration is kept in a range where no change is expected and blocking
properties of C are preserved.
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Fig. 3.24 Increasing the zero-field mobility leads to a significant acceleration of
the charge redistribution.

Finally, the zero-field mobility y in Eq. 3.8 is modified. A multiplicative
factor of 1 (experimental fit), 10 and 100 is applied. The results in Fig. 3.24
suggest a significant impact of the mobility on the redistribution. Indeed,
the limiting factor for charge redistribution is the Poole-Frenkel transport
of charge from the top to the bottom of the cGaN, and not the emission of
charge from C traps (which would show in Fig. 3.23). The increase in zero-
field mobility can be seen as an increase in the number of transport paths
across the buffer, e.g. dislocations. The importance of providing a sufficient
number of such vertical leakage paths has already been highlighted in [97].
Here, an increase by a factor 100 of g leads to a similar decrease of the time
constant.

In summary, it is difficult to completely avoid the bias- and time-dependence
of substrate properties in non-implanted GaN-on-Si stacks, which is intrin-
sically linked to the presence of a high concentration of C. The drift of p,s¢
with time can, however, be mitigated by improving the vertical transport
across the cGaN.
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Evidence in time dependence of harmonic distortion

Fig. 3.25 shows the experimental variation of H2 and H3 during chuck
bias stress sequences for the selected temperatures of 50 °C and 150 °C in
sample A. Experimental conditions are identical to those in Fig. 3.18. In all
experiments, H2 dominated H3 by more than 20 dB, which is expected for
substrate-induced HD from SOI studies [90]. At 50 °C, H2 values are below
-75 dBm for the bias conditions explored here, proving the technological
relevance of an optimized GaN-on-5i technology compared with RF SOI
[54]. Over the considered stress time of 10,000 s, a time dependence of H2
is observed. Similar to p.¢¢, H2 only reaches steady-state after more than
1,000 s for both bias conditions. Although variations in H2 over that period
are limited to 5 dB, these results highlight an additional reliability concern
for substrates subjected to prolonged bias stress. Because H3 is low and
close to the equipment noise floor, time dependence can only be seen at +50
V and 50 °C, where a ~5 dB increase is observed. At 150 °C, HD degrades
as expected compared with 50 °C, mostly due to the increase of the intrinsic
free carriers number in Si. The time dependence cannot clearly be separated
from the measurement noise. Also, the larger minimal time step in the
HD setup complicates observation of variations occurring over less than
10 s. Such variations can be expected from p,s; changes in Fig. 3.18 and
the difference between pre-stress HD (symbols in Fig. 3.25) and the first
measured point in the stress sequence.

In addition to the slow charge redistribution and Vrp change, the PSC
layer also sees the RF bias imposed by the large-signal excitation of the HD
measurement. HD is dictated by the bias sensitivity of the PSC layer to the
large-signal excitation only, because variations in buffer charge take place
over times significantly longer that the large signal period (f; 1 =~ 1ns).
However, the slow change of the MIS Vrp during the stress sequence can
alter both Gpgc and its sensitivity to rapid bias changes. For example, in
response to a change in Vrp change the PSC could be in a state of strong ac-
cumulation (less bias-sensitive conductivity, low HD) or closer to depletion
(highly bias-sensitive conductivity, high HD). Consequently, it is difficult to
correlate the time dependence of p, s to that of HD. Indeed, predicting HD
during the stress sequence would require the knowledge of instantaneous
Gpsc (Viarge—signal) curves at each point in time.



Stress-relaxation sequences and their modelling |

15 dBm (dBm)
2

H2 at H1
_
o
S

(a)
-110¢
-70
A ¢ WW&*‘I
i% -80 E
g
m
5
1o -90F ]
Lol
%
g, SRt
S 1004 “_;_r*“*?'}
+ : 50 °C
(b) 150 °d
-110

100 10T 102 10°  10*
Stress time (s)

Fig. 3.25 Experimental variation of 274 (continuous) and 3™ (dotted) harmonic
power at the output of 2 mm-long CPW lines of sample A while stressing the chuck
at (a) -50 V and (b) +50 V. Because measurement acquisition time is larger for HD
measurement compared with S-parameters, the experimental time resolution is only
of ~ 1s. Symbols indicate the pre-stress measurement. The sudden increase of H3
at 150 °C is a measurement artefact.
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Relaxation of effective resistivity

The relaxation phase is now briefly discussed. The sample Al was subjected
to a chuck bias stress (Vsyess = +/- 50 V) during 300 s. After switching
back the chuck bias to 0 V, the sample was allowed to relax for up to 5,000
s, during which p,¢s was monitored at logarithmically spaced intervals.
In this case, p.¢f is normalized to the final point, supposed to represent
the steady-state value of p,rs. Relaxation curves showing ps versus time
for the two Viess situations are displayed in Fig. 3.26 as a function of
temperature. Similar trends than the stress phase can be observed.

However, their interpretation requires more caution. Indeed, after 300
s stress, some curves have not yet reached a steady-state condition. The
subsequent recovery phase is then started from a different initial state
(i.e. a different spatial distribution of charge in the buffer). This issue
is exemplified in Fig. 3.27. Three successive stress-relaxation sequences
are performed with stress times of (i) 100 s, (ii) 1,000 s and (iii) 10,000 s.
Relaxation is set to 10,000 s for each sequence. For 1,000 s and 10,000 s stress
time, a steady stressed state is reached and the corresponding relaxation
curves are superposed on each other. However, when the stress is stopped
after only 100 s, the relaxation curve is significantly different because no
steady stressed state was reached.

While it is clear that the relaxation phase is strongly conditioned by the
achievement of a steady state during stress, the different stress curves are
not drastically different even though no clear return to thermal equilibrium
is reached after 10,000 s of relaxation. This is why the focus is best put on
the stress phase.
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Chapter summary

In this chapter, the bottom-up evaluation of substrate parasitic effects in
GaN-on-Si stacks was continued with the study of the second part of the
epitaxial stack: the C-doped buffer. An important reliability concern for
GaN-on-5i RF substrates was presented: the time dependence of p,¢r and
HD when the substrate is stressed. This effect arises for low-loss substrates
(i.e., substrates where the parasitic doping and interface charge is kept
under control) and can significantly degrade their performance. It was
experimentally demonstrated and successfully reproduced using a simple
TCAD model, identifying buffer charge redistribution as the underlying
cause. The main contributions of the chapter are summarized below.

Characterization

The evidence of buffer charge redistribution was first observed in the form
of hysteresis in the p,rf — Vopycr curves. By comparing samples with gradual
inclusion of the III-N stack, the hysteresis was found to originate in the
upper III-N layers.

Then, a custom experimental setup was developed to track the evolution
of p.rr and HD with time, in response to a bias step. Long (> 1000 s) time
constants were observed for p,fs, along with a temperature dependence
indicating a thermally activated process at play. p, s can vary by a factor of 2
when subjected to a bias step, which potentially affects the active structures
lying on top of such a drifting substrate, as will be seen in Chapter 4. HD
showed similar trends but the measurement here is made more complex by
noise and longer acquisition times.

For implanted stacks, lying under passive structures in GaN-on-Si cir-
cuits, the issue is less pronounced. It is suspected that a certain degree of
Fermi level pinning takes place in the III-N layers where a large quantity of
N-induced defects exist.

Modelling

A description of the interplay between charge redistribution and change in
pefr was presented. Starting with a 1-D structure and important MOS theory,
the model was then complexified to a 2-D model also including C doping.
It was shown that when a movement of charge takes place in the buffer, the
Vrp seen by Si is modified. The Si surface, which reacts instantaneously the
the Vrp change, responds to the slow charge redistribution in the buffer by
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a slow change of p .

Importantly, to reproduce the experimental time constants and extracted
activation energies, it is necessary to include a Poole-Frenkel transport
model in the cGaN layer (and not in the superlattice). This modifies the
activation energies, making them match the experiment. A qualitative
match of the p, ¢ evolution with time is finally achieved.

Mitigation solutions

The validated model could finally be used to examine potential solutions to
the substrate performance drift. It was found that C doping reduction and
buffer thinning had little influence on the slow movement of charge. The
bottleneck appears to be the transport of charge across the buffer. Indeed,
by increasing the amount of vertical leakage paths in the cGaN, the time
constants significantly decrease. This is consistent with existing literature
on the dynamic Rpy effect in GaN-on-Si HEMTs.



Impact of the GaN-on-Si
substrate on RF circuit
performance

Introduction

The GaN channel and eventually the HEMT constitute the final step in the
GaN-on-Si epitaxial layer. Ultimately, the device finds itself at the core of
each of the functional blocks of the front end module such as the low noise
amplifier, the power amplifier or the RF switch. Important effort is spent
by different research groups to improve the architecture of the transistor in
order to reach competitive high-frequency and high-power performance.
Their goal is to obtain better figures of merit for these blocks (efficiency,
linearity, power handling) [26]-[28].

While RF circuit performance is indeed improved by technology opti-
mization, which is out of the scope of this thesis, it can be hindered by poor
substrate characteristics. In this chapter, two of the important functional
blocks of the RF FEM will be analyzed from the angle of substrate-related
parasitic effects.

The RF switch is typically regarded as a substrate-sensitive component
[113]. In Section 4.2, the contribution from the harmonics generated in the
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substrate to the overall linearity of the switch will be investigated. The aim
of this section is to reach a substrate performance specification for highly
linear GaN-on-Si switches.

In Section 4.3, the power amplifier is tackled. As the key target functional
block for GaN-on-5i technology, this component drives most of the process
development. It will be shown that power loss in the substrate can degrade
the efficiency of the PA. A physics-based modelling approach to estimate
this degradation is presented, which is validated against experimental data.
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Fig. 4.1 (a) Optical micrograph of the SPST RF switch discussed here, with Lg =
150 nm and Wit = 0.5 mm. (b) A 150-pm-long CPW line of similar dimensions to
the switch access lines (Thru line) is used to analyze the relative contribution of the
substrate to non-linearities. Port 1 (P1), Port 2 (P2) and DC gate bias pad (VG) are
indicated where applicable. Reproduced from [114]. ©2024 IEEE.

4.2 Contribution of substrate harmonic distortion on GaN-
on-Si RF switch linearity

4.2.1 Devices under test and DC characteristics

The HEMT stacks considered here were grown using MOCVD on 200 mm,
HR-Si wafers (3-6 k() - cm). They consist of an AIN nucleation layer, a strain
relief III-N superlattice buffer, a C-doped GaN buffer layer, and finally a 50
nm-thick GaN channel. Apart from the GaN channel, the stack is identical
to sample Al in Fig. 3.11. Two wafers with different device architectures
are chosen because of their different intrinsic linearity.

A. HEMTs comprising 1 nm AIN spacer and 5 nm AlGaN barrier. Equiv-
alent oxide thickness (EOT) is 4.0 nm.

B. MOS-HEMTs with 1 nm AIN spacer and 2 nm AlGaN barrier. A 2.5
nm high-K (HfO,) dielectric layer is used as gate oxide. Equivalent
oxide thickness, calculated from capacitance measurements is 2.4 nm

MOS-HEMTs using high-K gate dielectrics are of interest as they enable
enhancement-mode operation together with low gate leakage, off-state
current and improved drain induced barrier lowering (DIBL) [24], [115].

| 133
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[_12DEG

[ IMetal 1
B Metal 2
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Fig. 4.2 Layout schematic of the considered common-gate HEMT and Thru line.
For clarity, only the three metal levels and the 2DEG constituting the transistor and
gate resistor are shown. The full structures are on top of implanted material with
the exception of 2DEG regions.

A 3-layer Cu back end of line (BEOL) is used in both wafers, with the
distribution of the different metal levels as displayed in Fig. 4.2. The devices
under test have a gate length L, = 150 nm and total width of 0.5 mm. A
single pole, single throw (SPST) switch with a bias resistor using 2DEG as
the resistive material at the gate terminal is shown in Fig. 4.1a. Its value,
estimated with help of the 2DEG sheet resistance (~ 340 (2/sq), is ~ 113 k()
(see Fig. 4.8a). Switches were embedded in GSG pads using a ~10 pnm-wide
access line, with a total pad-to-pad distance of ~145 pm.

Methodology for substrate HD evaluation from CPW lines

The HD measured at the output of the switch is contributed by (i) the
intrinsic device and (ii) the substrate-induced non-linearities. It is assumed
these contributions add up, as the effect of interference is at most 3 dB.
Substrate HD is measured using CPW lines as described in Chapter 1. Two
different CPW lines were fabricated on both wafers:

¢ A 2 mm-long CPW line, with pitch S = 12 ym and central conductor
width W 22 15 pm. Dimensions were chosen to fairly compare it with
other RF substrate technologies in terms of HD and p, ff [116], [117].

¢ A 150 pym-long Thru line (Fig. 4.1b), with same S and W as the 2
mm-long CPW line.

The layout of the Thru line is similar to the switch access line (Fig. 4.1). It
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Fig. 4.3 Dependence of second harmonic power on the length of the CPW line,
measured on a trap-rich SOI wafer. The linear fit presents a ~ 23 dB/dec slope.

is then possible to use it to isolate the substrate contribution to switch HD
from intrinsic device non-linearities, assuming substrate HD is captured by
the Thru line measurement. Importantly, the length of the CPW line used
to isolate substrate non-linearities should be close to the total pad-to-pad
length of the switch structure. Indeed, H2 at the CPW output depends
quadratically on its length, as illustrated experimentally by Fig. 4.3. The
extracted slope of 23 dByy, /dec indicates that for a 10x increase in CPW
length, H2 power increases by 23 dB or ~200x.

Substrate performance

To evaluate substrate losses, the substrate p, fFr extracted for the 2 mm-long
CPW line, is shown for the entire 200 mm substrate in Fig. 4.4. Interestingly,
peff shows non-uniformity across the wafer. For both wafers, while the
median p,f is high, it can drop to values below 1k() - cm in some parts of
the wafer. A left-right or diagonal pattern can even be observed. Different
hypothesis could explain such non-uniformity:

* Non-homogeneous conditions in the MOCVD reactor;
¢ Spacial non-uniformity of doping in the CZ-Si wafer;
¢ Uneven distribution of the oxygen interstitials.

These hypothesis could not be verified as characterizing the Si wafer alone,
before processing and without perturbing it is impossible. Indeed, the
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Fig. 4.4 Effective resistivity shows non-uniformity in the fully-processed wafers
under study. (a) HEMT wafer and (b) MOS HEMT wafer. Data is averaged from 0.9
GHz to 5 GHz. CPW line cross-section: central conductor width W = 15 pm, pitch S
=12 pm.

deposition of a dielectric layer such as SiO, or Al,O5 prior to the CPW
line would lead to the formation of a PSC layer that would dominate over
the non-uniform effects. It should be noted that such non-uniform effects,
although leading to a difference of p.fs of a factor of 2, are quite subtle:
the corresponding B doping difference is only ~ 1 x 10'3cm=3. In the
following, a representative die with p, ¢ ¢ close to the median value is selected
on both wafers and further studied. Results are shown in Fig. 4.5 for these
representative dies.

Wafer-wide median p. ¢ averaged over the frequency range 0.9 GHz -
5 GHz are reported in Table 4.1. These high Peff (> 2 kO - cm) mean that
total RF losses are dominated by series metallic losses over shunt substrate
losses [7], as shown in the inset of Fig. 4.5. This is the case for both wafers.

The HD measured on the same CPW lines on the selected dies is rep-
resented in Fig. 4.6. As is commonly observed for GaN-on-Si and more
generally Si-based substrates, substrate HD is dominated by H2. At 15 dBm
of H1, values of -84 dBm and -87 dBm are measured for wafer A and B,
respectively. Such high substrate linearity is competitive with state-of-the
art trap-rich SOI substrates. It also offers a relevant template to study RF
switch linearity.
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Fig. 4.5 Effective resistivity higher than 2k() - cm until 5 GHz extracted for a
typical die on wafers A (squares) and B (triangles). Inset: series metallic losses are
dominating over substrate losses. CPW line cross-section: central conductor width
W =15 pm, pitch S = 12 um. Reproduced from [114]. ©2024 IEEE.
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Fig. 4.6 Second and third harmonic power measured at the output of a 2-mm long
CPW line on a representative die of Wafers A and B (same die as in Fig. 4.5). CPW
line cross-section: central conductor width W = 15 pm, pitch S = 12 pm. Reproduced
from [114]. ©2024 IEEE.

DC and Small-signal characterization

DC characterization and gate leakage

The Ip — Vi and I — Vi characteristics for the common-gate Devices A
and B are shown in Fig. 4.7. Both devices are similar in terms of threshold
voltage and peak drain current, but a significant difference is observed in
gate leakage. Where Device A presents significant gate current, a substantial
reduction of I is enabled by the use of a high-K gate dielectric in Device B.
The lower EOT of Device B also leads to a 38% lower Roy (Fig. 4.7).

The significant gate leakage can be problematic in the RF switch opera-
tion, more specifically its power handling. Indeed, the HEMT gate (hereafter
named "intrinsic gate") is connected to the DC gate pad ("extrinsic gate")
through a resistor. If I is high, a large proportion of the applied voltage can
be dropped on this gate resistor (R¢). The value of Rg (113 k(Q)), extracted
in Fig. 4.8a, is close to the theoretically calculated value of 108 k(). The
intrinsic V;; is given by:

Vi = Vg, — Rglg. (4.1)

The result of Eq. 4.1 is shown in Fig. 4.8b for Device A and B. For Device A,
the intrinsic V; saturates in the on-state because of the large voltage drop
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Fig. 4.8 The issue of a large gate leakage for a GaN-on-Si RF switch. (a) Gate
current as a function of extrinsic gate voltage. The slope of the curve in on-state
(largest I) allows calculation of the value of the gate resistor. (b) The intrinic gate
voltage can saturate at values lower than the extrinsic gate voltage when the gate
leakage is high, such as in the HEMT case.
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Device RON (Q . mm) Copp (fF/mm) RON X Copp(fs) IL (dB)
A 1.47 286 420 0.22
B 0.97 320 310 0.19

Table 4.1 Summary of important figures-of-merit extracted from small-
signal measurements of the common-gate HEMTs

on Rg. During operation of the RF Switch, a large voltage swing on the
drain or source terminal can then turn off the transistor if the peak voltage is
above Vg ; s+ — V1 and it is impossible to bias the HEMT further in on-state
to prevent this issue. A similar problem occurs in the off state, although
at larger |V .| owing to the lower I in off state. For device B exhibiting
lower I, the saturation in V ; is visible but less pronounced.

Small-signal characterization

The insertion loss and isolation were extracted from small-signal RF mea-
surements (Fig. 4.9). Relatively low bias values for on-state (V; + 3 V) and
off-state (V; — 1 V) are chosen to limit leakage. Insertion loss is ~-0.2 dB
at 5 GHz and remains below 0.6 dB for both switches until 30 GHz. This
is in line with the state-of-the-art in GalN switches [118]-[120]. Both device
architectures show similar insertion losses although a slight improvement
is achieved for device B thanks to its lower Rpn. The off-state capacitances
and corresponding Ron % Corr figures-of-merit are reported in Table 4.1.
They are extracted at low frequency (see Fig. 4.10) as follows:

Ron = Re <_Y112) 4.2)
Corr = —In;(n—lez) (4.3)

While device architecture and switch layout need to be optimized to further
reduce Ron X Corr, these switches provide a relevant framework to study
the impact of substrate non-linearity on overall HD. It should be noted
that limited substrate impact is expected on the small-signal characteristics
in this study. In [113], an identical RF switch fabricated on three different
RF SOI substrates showed no difference in the extracted Rpy and Copr.
A study of FD SOI switches in [33] showed that shunt losses through the
conductive substrate could lead to increased insertion loss (independently
of Ron, which is determined by the device architecture). However, the ~ 2
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Fig. 4.9 Insertion loss (at Vg = V; + 3 V) and isolation (at Vg = V; — 1V) for the
two device architectures with Ly = 150 nm. Reproduced from [114]. ©2024 IEEE.

2.5
E ol
E )|
. L 'S
G 15 '\'V'V\I'~ )
; 1 ‘---q-OOO"”ﬁ’O\,~
Mo 05 |===Device A
== <Device B
0 R — .
800
E 600
E 400
g
w200
S
Q O . . 1 1 1 s . . \ X
0 10 20 30
Frequency (GHz)

Fig. 4.10 (top) on-state resistance extracted from RF measurements at Vo = V +
3 V. (bottom) off-state capacitance extracted from RF measurements at Vorr = Vr —1
V. No de-embedding is used.
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Fig. 4.11 Large-signal performance of the switch with Device A (a) and Device B
(b) in on-state (Vg = V; + 3 V) with Lg = 150 nm, compared with the Thru line on
each wafer. 2-mm-long CPW data is reported in Table 1 for both wafers. Reproduced
from [114]. ©2024 IEEE.

pm-thick buffer in GaN-on-Si is hundred times thicker than the 20 nm BOX
in FD SOI processes, reducing the device-substrate coupling.

Harmonic distortion of CPW lines and RF switches at 0.9 GHz

In this section, single tone HD data are reported at fundamental frequency
of 0.9 GHz, which is a widely used frequency to quantify and benchmark
substrate non-linearity. The dc gate bias was set to Vr + 3 V. H2 and
H3 are measured at the DUT output and plotted in Fig. 4.11 against the
fundamental (H1). H2 is discussed in more details since it dominates total
harmonic distortion (THD) for CPW lines (see Fig. 4.6) and thus represents
most of the substrate contribution for switch non-linearity.

A Thru line and switch in on-state are compared on Wafer A (Fig. 4.11a).
For Device A, H2 =2 -90 dBc, which lies above the Thru line H2 by 16-20
dB at H1 levels of 15-20 dBm. This implies that for such a highly linear
III-N/Si stack, switch non-linearities are dominated by the channel by a
16-20 dB margin. The same analysis can be made for H3. Device B is
significantly more linear than Device A (Fig. 4.11b): H2 = -110 dBc, a
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Fig. 4.12 Benchmark plot for small- and large-signal performance of GaN-on-5i
substrates and AIN/Si stacks. A correlation is observed between p,¢s and harmonic
distortion, with a different slope for the fully processed HEMT stacks and the stacks
grown until the GaN channel. Reproduced from [114]. ©2024 IEEE.

~19 dB reduction compared with Device A. It is presumed that this is
mostly due to the larger I; (and thus lower intrinsic V) in Device A,
although gate dielectric is known to also affect linearity [121]. Because of
the intrinsic gate voltage saturation and the large voltage swing reaching
non-linear operating regions of the device, the intrisic device non-linearities
are increased compared with higher intrinsic VG allowed by lower Ig in
Device B. For Device B, H2 levels for the Thru line and the switch are
very similar (Fig. 4.11b), implying that for a more linear device, substrate
contribution to distortion can be high.

Advanced GaN-on-5i substrates are reaching performance comparable
to trap-rich SOI substrates, with H2 levels reaching close to -90 dBm (Fig.
4.12).

Correlation between HD and effective resistivity

In addition, H2 power (measured on a 2-mm-long CPW line at fy = 0.9 GHz)
and p,¢f are strongly correlated. Indeed, by increasing p, ¢ the conductivity
of the PSC layer (Gpsc) is reduced. Furthermore, the relaxation time of free
carriers constituting the PSC layer is increased, which increases linearity
due to reduced modulation of Gpsc [100]. For a variety of fully processed
(i-e., device processing and BEOL) GaN-on-Si stacks, an increase of p ¢ by
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10x leads to a reduction of H2 levels by ~36 dB.

The correlation also exists for samples were growth has been stopped
after the GaN channel, but with a different slope. This could be linked to a
different distance between the CPW line and the Si substrate, or to a different
electromagnetic environment in the fully-processed stack (dummies, back-
end-of-line layers). However, it can be seen on Fig. 4.12 that AIN/Si
structures (distance to CPW line: 175 nm) follow a slope close to the GaN/Si
stacks (distance to CPW line: 2.5 pm) despite the large difference in distance
from the substrate. An electromagnetic environment cause seems more
likely but should be confirmed in the future with the fabrication of fully
processed wafers with lower p, .

Effective resistivity specification

The switch non-linearity is dominated by device non-linearity if the follow-
ing is true:
H27ppy Line < H2RF switch (4.4)

This condition holds for Wafer A, where we have (at H1 = 15 dBm):

HzThru line A, dBm — HZRF switch A, dBm — 16dB (4-5)

Eq. 4.5 implies that the substrate for Wafer A would need to generate ~16
dB more distortion until it would contribute significantly to the switch
distortion. To obtain an estimate of the corresponding p,ss decrease, con-
sider the 2-mm-long CPW line on Wafer A. This line showed H2 = -84 dBm
(see Table 4.1). From Fig. 4.12 and small-signal data in Fig. 4.5, the corre-
sponding p,ss is ~ 2k() - cm. Following the ~36 dB/dec trend line, a 16
dB increased H2 would represent a p, s of ~ 700 () - cm. For device A, this
corresponds to the lowest possible p, ¢ for which Eq. 4.5 is still respected.

It is noted that this lower bound is specific to a particular device per-
formance, requiring a co-optimization of substrate and device linearity.
Indeed, for the significantly more linear switch with Device B, this p,ff
requirement is higher: at 0.9 GHz we have H27y,,; 1ine B = H2RF switch B
making the above exercise impractical. If further linearity improvement
was required for Device B, a co-optimisation of the device together with the
substrate would be needed. However, it is likely less relevant provided that
H2RF switen B 1s as low as -110 dB, a level comparable with state-of-the-art
commercially available products.
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Fig. 4.13 Second and third harmonic power measured on 2 mm-long CPW lines
for different dies on Wafer A. H3 consistently lies more than 20 dB lower than H2.
The different levels of distortion can be correlated to the non-homogeneous substrate
performance of this wafer.

Limitations of the proposed approach

Third harmonic level

For 2 mm-long CPW lines, the second harmonic lies several tens of dB
higher than the third harmonic in the entire explored power range (Fig. 4.6).
This trend is validated for several CPW lines on different dies in Fig. 4.13,
indicating that the substrate’s most significant contribution to distortion
is by H2 generation rather than H3. Also for the more widely studied SOI
technology where HD also originates in the Si substrate, H2 is generally
dominating the substrate-induced distortion [54], [122]. On the other hand,
third-order harmonics are perhaps more critical for RF applications where
linearity figures of merit such as the output and input third-order intercept
points (OIP3 and IIP3) are based on third-order intermodulation products
[36]. In this work, it is assumed that H3 originates mostly from the intrinsic
HEMT device. However, from Fig. 4.11 it seems that for shorter CPW
lines such as the Thru line considered here H3 can contribute equally or
even more than H2. While this can question the validity of the conclusions
obtained from analyzing H2, several aspects should be clarified regarding
H3.
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* H3 does not seem to scale with CPW length. As discussed in Fig.
4.3 the power of the generated harmonics under a CPW line should
be proportional to its length. The unnaturally high H3 in Thru line
measurements might then be caused by an external factor.

* H3 is frequently omitted in discussions on substrate-induced HD
because it appears to be highly dependent on the contact quality, in
contrast with H2 [90]. The physical reason for this sensitivity is still
unclear.

Future work is required to elucidate the peculiarities of H3 measurement
on CPW lines. Still, the characterization of H2 is well established and can be
considered to be the main contribution from the substrate to the distortion
of the RF switch.

Test structure design

From Fig. 4.1 and Fig. 4.2, it can be seen that the spacing between the
signal line and the ground plane is slightly different for the Thru line or
the switch structure. It was shown in Chapter 1 that the substrate perfor-
mance measured on CPW lines is dependent on the spacing (see Fig. 1.7).
Consequently, for a given substrate, the HD measured on the Thru line and
the substrate contribution measured on the switch structure can differ. As
was demonstrated in Fig. 1.7, this effect is more significant for strongly non-
homogeneous (and thus, lossy) substrates. For highly-resistive substrates
such as those encountered in this study and spacings above ~ 10pm, a
CPW spacing difference of a few micrometres or even tens of micrometres
will only lead to a minor difference in measured substrate performance. For
additional insights on the impact of CPW spacing on measured substrate
FOM, references [85] and [90] can be consulted.

Furthermore, the tapering region from the switch access to the source
and drain fingers is not accounted for by the simple Thru line. For a more
straightforward one-to-one comparison, it would be possible to design
the Thru line as an exact copy of the RF switch structure, with the intrinsic
device replaced by a rectangular piece of Metal 1. The gate electrodes would
also not be included. This better test structure is schematically represented
in Fig. 4.14.

Specificity to a single device

The methodology introduced here proposes to specify the substrate perfor-
mance with respect to a given intrinsic device non-linearity. The p,rs lower
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Fig. 4.14 (a) Layout view of the switch structure. (b) Schematic of a hypothetical
better-suited Thru line structure, in which the active intrinsic device is replaced by a
rectangular piece of Metal 1.

boundary obtained in Section 4.2.3 cannot be applied to any RF switch, or
even to any GalN-on-Si switch: it is specific to the particular switch under
study. This is a significant drawback of the approach as any optimization
to the linearity of the device must be followed by a re-evaluation of the
substrate specification. Also, if improvements of linearity are obtained
by circuit design techniques or if multiple transistors are stacked, thereby
modifying the switch structure, the substrate linearity specifications might
not be valid [123], [124].

Power Handling

In this section, a different GaN-on-Si HEMT RF switch device, presenting
less gate leakage, is briefly considered. This device has a treshold voltage
of Vi =~ —2 V. A wider bias range can be reached with the lower I;.
The results of the large-signal measurements are shown in Fig. 4.15. The
progressive turn-on of the transistor in off-state can be clearly seen for
weakly negative bias values in Fig. 4.15a. At -4 V, the HEMT turns on for
part of the large-signal cycle starting from P;,, = 13 dBm. At -10V, the
turn-on power is increased to 22 dBm. This highlights the interest of biasing
the HEMT as far as possible in the off-state for the best large-signal isolation.

In Fig. 4.15b, H2 is seen to improve as the on-state bias is increased,
eventhough the insertion loss is not affected (i.e., all on-state curves of Fig.
4.15a are superposed on each other). This can be attributed to a bias point
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Fig. 4.15 (left) Evolution of first harmonic power at the output of the switch as a
function of input power, for different values of gate bias. (right) Second and third
harmonic power against H1 for different values of gate bias in on-state.

that is further away from the non-linear region around Vr.
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Power dissipation and PAE degradation

Under high-frequency operation, the GaN-on-Si PA can be coupled to the
conductive Si substrate as the impedance of the insulating buffer decreases.
Then, if the PSC layer is conductive enough, RF power can be dissipated in
it. This power is not transmitted to the load and thus leads to a decrease in
the PA’s efficiency.

The issue of power dissipation in the substrate has first been pointed
out in [125] where an decrease in Si resistivity with temperature was associ-
ated with increase loss. In [126], a first modelling approach comprising a
so-called buffer resistance showed a link to efficiency, but did not link its
value to physical arguments. A detailed study of the interplay between tem-
perature, substrate resistance and loss was presented in [127]. However, the
substrate resistance has to be extracted from measurements. Very recently,
the carrier distribution in the Si substrate was taken into account [128].

In this section, a more general approach is proposed to obtain a clear
physical understanding of the effect of a lossy substrate on the PA per-
formance. First, a simple waveform analysis of the PA shows how the
presence of a finite substrate resistance can impact the power added effi-
ciency (PAE), an important figure-of-merit for a PA. Then, the correlation
between substrate loss and PAE is demonstrated experimentally on a variety
of substrates. The core of the work consists in a physics-based model of
the substrate resistance and capacitance, taking into account the doping
profile giving rise to the PSC, the dimensions of the transistor and the oper-
ating frequency. Important physical insights are gained from this model. A
predicition of the PAE penalty associated with the the substrate is achieved
and, importantly, matches the experimental data. Finally, the effect of the
operating temperature is discussed.

Waveform analysis and inclusion of a substrate resistance

Fig. 4.16 shows a simplified large-signal equivalent circuit of the drain side
of a power amplifier. In this circuit, the equivalent substrate network has
been added between source and drain nodes. While the capacitance Cg;
can be compensated for by matching networks, Ry, will lead to a shunt
power loss and consequently efficiency degradation [33]. For this simplified
circuit, it is possible to reach an analytical formulation of the PA’s PAE in
the case study of class B bias. The derivation is based on what is done in
[129]. The final expression can then straightforwardly generalized to class
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Fig. 4.16 Simplified circuit of the drain side of a power amplifier including sub-
strate resistance and capacitance.
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Fig. 4.17 Representation of the current waveform in B-class operation.

AB.

Power amplifier in class B

A B-Class Power Amplifier is considered in an ideal case with infinite
substrate impedance. The drain current of the transistor is given by:

ip(t) = gmVesf(t), (4.6)

where f(t) is shown in 4.17 and given by:

flt) = % (sin (wt) + |sin (wt)|) 4.7)
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The load current is obtained by assuming that no DC enters the load branch:

iy(t) = Ipp —ip(t) (4.8)
Ipp = mean(ip(t)) = wngGS/ f(t)dt = ngGS (4.9)
i) = 8755 (1 — (1)) 10)

Next, the harmonics of the load current are removed by harmonic matching.
f(¢) is replaced by its Fourier transform:

iy () = SmVGS (1 o (i + %sin (wh) — (- ))) 11)

7T

) Vis .
il fund = —% sin wt (4.12)

The load voltage is given by the load line:

_ 2Vpp — VW

v = 5 sin wt, (4.13)

in which Vj is the transistor knee voltage. The RMS power delivered to the
load is thus:

1 1
Pload,RMS = gngGS(szD - Vi) = gIDmax(szD - Vi), (4.14)

where Ip,;,4y 1s the transistor maximum drain current. Here, the load resis-

tance is assumed to be R;,,7 = % . The DC power is given by
Vi Vi Vopl
Ppe = DDim GS _ DDﬂDmax (4.15)

To obtain the Power Added Efficiency, the gate side is considered. The input
powered is delivered through the gate resistance (Rg) to Cs

1 1
Pin,RMS = ERgI(ZEmux = EngzcgsV;s
2
_ Ip (2m)2p2c2, 1omes
= 5Rq o (4.16)
8m

1 \?
= ERgIlszux <ft>
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It is now possible to compute PAE:

P _p v Rl 2
PAE = load, RMS in,RMS _ T (1_ k _9 g1Dmax <f> ) (4.17)

Ppc 4 2Vpp Vbp ft

For the ideal case of Vi = 0, Rg = 0, the limit of T is found. The substrate
resistance is now included. The DC power consumption which depends
only on supply voltage and transistor maximum current is not affected
by Rg,p. Similarly, no term in the expression for P;, ryrs depends on R,
However, the load current is now divided into the R;,,; branch and the Ry,
branch. i1 . fective is defined as the current flowing through R)ps:

. . R .
ll,effective(t) = ll(t)iR ) j_u%l P = 0i(t) (4.18)
SU oa
Proad,ef fective = OProad (4.19)

The expression for PAE is then reached:

. E _ Vk . RgIDmax <f)2
PAE = | (9 (1 ZVDD) 2 Ton % (4.20)

Assuming that the small-signal R, causes power dissipation during
large-signal operation, the finite substrate resistivity will lead to a PAE
penalty that increases as Ry, decreases. The PAE penalty is defined as the
difference, in percentage points, between the PAE value for 6 = 1 and for
0<o<l

Power amplifier in class AB

The class AB is defined by a conduction angle a between 7 and 277, with
« = 77 being the limiting case of class B. Class AB is a frequently used bias
condition as it constitutes a tradeoff between class A (best linearity) and
class B (best efficiency) [130]. The drain current in class AB is given by a
slightly more complex expression [130]:

cos wt — cos 5

in(t) = gnVes — —ooow (4.21)
2

The same analysis as performed above for class B can be followed. The
integral in eq. 4.9 now depends on a. The power delivered to the load will
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Wafer Si thickness II-N thickness Peff
A 1 mm 1.85 pm 60Q) - cm
B 725 pm 1.8 ym >3k - cm

Table 4.2 Description of the two wafers considered to study the impact of
substrate loss on the power amplifier.

be given by:

1 x —sina
Pload,effective = Gngmax (ZVDD - Vk)m- (4.22)

Similarly, the DC power consumption also depends on the conduction
angle:
_ Voplpmay 28in 5 —acos 5

P,
bc T 1—cosj

(4.23)

Finally, the PAE generalized for class AB is given by:

1
4(2sin§ —acos %)

Vi . RgIDmax f 2 ®
<9 (1 — 2VDD) (v —sina) — 2W (ft) (1 — cos 2)) (4.24)

In comparison with the result obtained for a class B operation, the
coefficient @ is multiplied by a factor —-—2=50% ___ Because this factor is
n(ZSmjﬂxcos 7)

smaller than 1 for conduction angles between 7 and 277, the PAE penalty (in
percentage points as defined above) will be lower for the lower-efficiency

bias class AB.

PAE =

Devices under test

In contrast with the previous parts of this thesis, the devices in this sec-
tion are provided by CEA-leti. Two different 200 mm GaN-on-Si wafers
with different substrate effective resistivities are considered and their main
characteristics are given in Table 4.2 The III-N layers were grown using
metalorganic chemical vapor deposition (MOCVD). The epitaxial structure
is represented in Fig. 4.18a. Both wafers have a channel thickness of 150 nm
and a 15 nm Alj 53Gag 7N barrier thickness with AIN spacer. The devices
being characterized, similar on both wafers, consist of two 50 um-wide
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(a) Epitaxial structure. The GaN/AlGaN buffer con-
sists of an AIN nucleation layer, a strain relief buffer (b) CPW line. The dimensions are
and a C-doped GaN bulffer. given in micrometres.

Fig. 4.18 Schematic representation of the experimental devices considered for the
impact of substrate loss on the RF power HEMT efficiency.

fingers with a gate length Ly = 150 nm. 1.4 pm-thick Al:Cu CPW lines were
fabricated, together with the HEMT devices, on top of SiN passivation and
~1.3 pm-thick SiO, layer. The CPW line geometry is shown in Fig. 4.18b.
Ar-implantation was used instead of N to suppress the 2DEG underneath.

4.3.3  RF characterization
Effective resistivity extracted from CPW lines

CPW lines were characterized and p, ¢ was extracted following the proce-
dure described in Chapter 1. The results are shown in Fig. 4.19. For Wafer
A, pers =~ 60€) - cm, which is significantly lower than the nominal Si sub-
strate resistivity (> 3 k(2 - cm) owing to the formation of a PSC layer during
the MOCVD growth of III-N layers. In most cases, the PSC layer is due to Al
and Ga atoms diffusing into Si and doping the surface region (p-type), but
can also be contributed to by a high interface charge at the AIN/Si interface,
as demonstated in Chapter 2. This PSC layer is significantly mitigated by
improving the epitaxy in Wafer B. Consequently, its p, s stays high at values
higher than 1kQ) - cm, which is competitive with state-of-the art GaN-on-Si
substrates such as presented in Chapter 1. No further investigation on the
origin of the p, ¢ ¢ difference between the two wafers is done here due to a
lack of material information and no AIN/Si stacks available.

It should be noted that neither wafers present a strong bias dependence
of their p,¢s (see Fig. 4.20). This is expected for implanted wafers and allows

154 |
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Fig. 4.19 Effective resistivity plotted against frequency for wafers A and B. Wafer
A shows a relatively poor p,¢s of ~ 60Q) - cm, while Wafer B has high p,¢¢ of
> 1kQ) - em. CPW dimensions are designed to provide a Z, = 50 Q).

the modelling approach described in the later sections to be done at 0 V.
However, it is also known that unimplanted regions can show more signifi-
cant bias and time dependence. Unfortunately, the only wafers available
to this study are fully processed and thus no CPW line lying on as-grown
material is available.

Because of higher substrate loss in Wafer A, a strong substrate signature
is expected in HEMT gp.

Substrate signature in HEMT small-signal measurements

The lossy substrate manifests itself as a transition in the output conductance
of the transistor when plotted against frequency. As frequency increases,
the free carriers in the PSC layer (in this case, most probably holes which are
majority carriers) cannot respond anymore to the small-signal AC voltage,
causing an increase in gp [131]. In first approximation and neglecting any
dimensional effects that will be treated later, this transition frequency is
proportional to the dielectric relaxation frequency of the substrate, which is
given by:

four = (27esipsi) ! (4.25)
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Fig. 4.20 Bias dependence of effective resistivity measured for the two wafers.
The ramp rate is set to 10 V/min. Effective resistivity is averaged over a frequency
range where it is flat. The red triangle indicates a measurement performed 300 s
after the bias sweep. No significant bias dependence or hysteresis is observed. The
sweep directionis: 0 V—-30 V=+30 V=0 V.

Output conductance (Re(Y27)) and capacitance (Im(Yz)/w) are extracted
from S-parameters measurements using an Agilent E5061B ENA available
in Welcome. The devices are biased in off-state (Vg; < Vp, Vp = 0V) to
remove the impact of self-heating on gp. The access lines are de-embedded
using the measurement of a Thru line [132]. Results are shown for both
wafers in Fig. 4.21. A transition in ¢p and C,; is observed at a few hundreds
of MHz for Wafer A. For Wafer B, showing almost 2 orders of magnitude
higher p, (¢ (and thus lower f;,;), the substrate-related transition takes place
at frequencies lower than what is reachable with this measurement setup.

Experimental correlation between PAE and substrate loss

Further evidence of substrate loss can be found in a large-signal FOM such
as PAE (Fig. 4.22). The on-wafer fundamental Load-Pull setup is based
on DELTA tuners (Focus Microwaves) which are directly connected to the
RF probes for optimal impedance coverage. The large signal performance
is measured at f=28GHz for a nominal bias point (Vpp =10V, Ip; = 200
mA /mm) and the load impedance is set on each device for optimal PAE.
For each measurement, the small-signal parameters of a transmission line
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Fig. 4.21 Output conductance and capacitance extracted from small-signal mea-
surements of HEMTs in off-state on wafers A and B. The typical substrate effect is
experimentally observed for Wafer A, while the more resistive Wafer B’s transition
frequency is too low to be measured.
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Fig. 4.22 Evidence of correlation between substrate loss and a device-level FOM:
PAE. Load-pull measurements for devices fabricated on substrates with different
substrate loss show a correlation between a degradation of PAE and substrate losses
Note that under high intensity visible light the HEMT PAE is further degraded as
well as the CPW losses (open squares). Different points for Wafer A correspond to
die-to-die variation of substrate performance. The data is provided by CEA-leti.
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on the same die using a PNA-X from Keysight were also extracted. It
allows to extract the substrate losses as close as possible to the measured
HEMT to limit the effect of die-to-die variation. Different wafers and test
conditions were used in this study (Fig. 4.22), with Wafer A and B being
analysed in detail in the rest of this section. The influence of lighting (using
the probe station illumination) was found to affect the substrate losses
due to photoelectric generation. A clear PAE dependence with substrate
losses is observed with best results for losses <0.2dB/mm at 28GHz. A
17-point difference in PAE is seen between the lossy Wafer A and the more
resistive Wafer B. In the following sections, a combination of TCAD and
compact modelling will be used to better link the substrate properties
with equivalent circuit elements and HEMT performance to reproduce the
differences observed in Fig. 4.22.

Model description and validation

To allow frequency-dependent modelling of non-uniform substrates, this
section proposes a more general approach. A graphical representation of
the procedure is displayed in Fig. 4.23.

i. An experimental spreading resistance profile (SRP) is used as dop-
ing profile in a 1D TCAD simulation of the substrate. In GaN-on-5i
technology, surface doping by Al and Ga is the main contribution to
the PSC layer, and SRP allows extraction of the doping profile. The
resulting DC simulation provides the free carrier distribution in the
semiconducting substrate, from which a resistivity profile with depth
is computed.

ii. In Matlab, an equivalent circuit of the substrate’s cross section is built.
It consists of an arbitrary number of cells (see Fig. 4.24a), where each
cell comprises four elements (Fig. 4.24b). Each element contains the
local electrical properties (p, €) of the substrate:

chl !

Ry, = (4.26)
g pHcell
H
Ry = p-celt (4.27)
! chell
Heept
Cp=eL (4.28)
h chll
C, = ¢ Veel (4.29)

Hcell
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Fig. 4.23 Successive steps of the physics-based modeling approach proposed here.
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Fig. 4.24 (a) Representation of a typical RC mesh with a finer discretization in the
PSC region. (b) Every cell of the RC mesh is made of one horizontal and one vertical
RC element, and connected to adjacent cells. (c) Top view of a simulated HEMT,
where the two electrodes represent the source and drain fingers.

where W,,;; and H,,; are the width and height of the cell, respectively,
and p is provided by the TCAD-simulated resistivity profile men-
tioned above. To emulate the electrodes, the relevant nodes (which
depend on the contact dimensions and the mesh) are shorted together.

iii. The equivalent circuit is simulated at each frequency point to obtain
the 2-port Y parameters between P1 and P2. From Y3, the equivalent
Rqup(f) and Cg,p(f) can be extracted.

Once the resistivity profile has been simulated in TCAD, the entire mod-
elling stream takes place in Matlab and can be swiftly integrated with
other scripts. By choosing an appropriate mesh density, the computation is
significantly reduced to a few seconds.

The substrate network model is now used to reproduce CPW measure-
ments. Because no SRP was available for the wafers in this study, a set of
representative doping profiles were generated. These doping profiles are
computed using the solution to Fick’s second law:

Ny = Ng pyx + ng erfc < (4.30)

o)
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Fig. 4.25 Set of representative surface doping profiles used to represent substrates
with varying resistivity (blue: limited PSC, red: significant PSC).
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Fig. 4.26 Simulated effective resistivity as a function of frequency for the different
PSC layer doping profiles shown in Fig. 4.25. The measured wafers A and B are
overlaid on the simulations, allowing to find the corresponding PSC profile.

in which Ny p,jx is the doping concentration deep into the Si substrate
(corresponding to 3k() - cm as specified by the supplier), ng is the surface
doping and /Dt is the diffusion length. It is known that the doping profiles
in Si respect eq. 4.30 for GaN-on-Si processes, as already shown in chapter
2 and also in [49]. The diffusion length is fixed at 100 nm, which is typical
for a GaN-on-Si thermal budget. ng is varied from 1 x 10 em ™3 (well-
controlled Al diffusion) to 1 x 10%Y cm~3 (extremely severe Al diffusion).
The resulting doping profiles are represented schematically in Fig. 4.25.
The geometries for P1 and P2 were adapted to the CPW dimensions (see
Fig. 4.19). After Y parameter computation, the equivalent Rg,;,(f) was used
to extract p.f7(f). Simulation results are shown in Fig. 4.26 overlaid with
experimental data for wafers A and B. The frequency dependence of p,f(f)
is well-captured by the model. At low frequencies, the “slow-wave mode”
translates into a substrate impedance dominated by the insulating buffer.
For higher frequencies (quasi-TEM mode), the buffer impedance decreases
and the substrate impedance is dominated by the conductive substrate. The
transition frequency between these two regimes increases with decreasing
substrate resistivity, as shown in Fig. 4.27.

Each wafer can be related to a PSC surface doping by comparing its
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Fig. 4.27 Propagation modes in a 1.8 pm III—N/1 mm Si microstrip line as a
function of frequency and Si resistivity. The transition between the slow-wave
mode and the quasi-TEM mode takes place at lower frequencies as the Si resistivity
increases. Transition frequencies are computed following [133].

Peff(f) curve with a simulated curve. Note that a single (f, .f¢) point can
be associated to multiple surface doping values and it is thus important to
consider the full frequency response. The match with experimental data is
achieved for a surface doping of ~ 1 x 10/ cm~3 and ~ 1 x 10 cm~3 for
Wafer A and Wafer B, respectively.

Now that CPW measurements could be reproduced and the modelling
methodology validated, dimensions can be modified to match a typical
HEMT device.

Prediction of power loss inside the GaN-on-Si substrate

The impact of a conductive substrate on the PAE is now explored using the
model described earlier. The same set of PSC doping profiles is used as in
Section 4.3.4 and the total dielectric thickness and permittivity is adapted for
the simulation of a transistor (S/D contacts lie directly on the III-N, while
CPW lines lie on an additional ~1.3 pm of SiO,). The lateral dimensions
of a typical HEMT (Lsp = 2.7 um) are then used to create the RC network.
Results for Rg,; and the resulting PAE penalty points are shown in Fig. 4.28.
The PAE penalty is calculated as the difference between the maximum value
(0 = 11in eq. 4.20) and the calculated value with finite Ry,;. R, is given
for a 100 pm-wide device similar to what was measured above (Fig. 4.22).
The results from Fig. 4.28 are discussed in detail in the following.
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For very low frequency, the insulating buffer has a very large impedance.
As a result, the conductive substrate is effectively disconnected from the
HEMT and Ry, is very high, irrespectively of the doping in the PSC layer.
The resulting PAE penalty is negligible. At medium to high frequencies,
the impedance of the insulating buffer decreases and the HEMT sees the
conductive substrate, leading to a reduced R;,; and a decrease in PAE.
Counterintuitively, at a given frequency there exists a PSC doping for which
Rsyp is minimal and PAE penalty maximal. Indeed, for a very conductive
PSC layer, the transition frequency f;,;, from which the substrate starts to
conduct can possibly be higher than the operating frequency, and equivalent
Rs,p can be high with no PAE penalty. This regime correlates to the “slow-
wave mode” in CPW line data. However, using low-resistivity Si for the
realization of GaN-on-5i MMICs is not an acceptable solution, as such a
circuit would suffer from increased crosstalk and the integration of low-
quality factor passive elements. At the other end of the PSC layer doping
spectrum (low doping), f,; is well below the operating frequency but Ry,
stays high owing to the highly resistive substrate.

Owing to more significant field penetration at high frequency, the worst-
case PAE penalty increases with frequency: from less than one point at 100
MHz, a > 40 point drop in PAE is predicted at 28 GHz for a surface doping
of ~1 x 10 cm~3. Consequently, a careful engineering of the RF substrate
is critical to enable high-efficiency PAs at FR2 and mm-wave bands. To
keep the impact of substrate loss under control with a PAE penalty of less
than 1 point regardless of the operating frequency, surface doping should
be limited to ~2 x 101> cm 3. Finally, it is possible to place wafers A and B
on the PAE penalty plot of Fig. 4.28a using the surface doping that fits the
experimental p,¢¢(f) (see Fig. 4.26). The predicted PAE penalty suffered
when moving from Wafer B to Wafer A is ~15 points at 28 GHz, close to the
17-point difference observed experimentally.

Power loss under high temperature operation

It has been demonstrated in Section 1.5 than p,y is strongly dependent on
the Si temperature, as both mobility and carrier concentration are effected
by a temperature change. Because of the large power density, a considerable
amount of self-heating is expected in the region near and below the PA. As
the temperature in the Si substrate increases, it is important to study how
the consequent change in substrate performance would modify the PAE.
The doping profiles for Wafers A and B are simulated at temperatures
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Fig. 4.29 Simulated evolution of the PAE with temperature for the doping profiles
corresponding to Wafers A and B.

ranging from 25 °C to 250 °C. Then, the PA model is ran for each resulting
resistivity profiles as described above. The results at 29 GHz are displayed
in Fig. 4.29.

For Wafer B which shows a high p,¢; (low surface doping), the PAE
is stable until ~ 150°C. Then, as the intrinsic carrier number exceeds
the doping in the bulk Si, the substrate becomes lossier and PAE drops.
For Wafer, with higher surface doping, the PAE initially worsens with
temperature before increasing as the surface mobility decreases. At 250 °C,
both wafers show comparable PAE.

In conclusion, for normal operating temperatures (less than 150 °C in Si),
the high-p, s wafer is superior and leads to the lowest PAE penalty. For ex-
treme temperatures exceeding 250 °C, the interest of a low-loss substrate is
counterbalanced by the significant increase in Si conductivity. As discussed
in Section 1.5, a thinning down of the superlattice strain relief buffer would
lead to a higher Si surface temperature. Then, the advantage of HR Si over
standard Si would become less obvious.
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Chapter summary

This chapter assessed how the bottom layers of the GaN-on-5i stack, in
which the substrate loss originates, can impact the uppermost layers con-
taining the functional devices and circuit. Linking the material properties of
the underlying substrate with device functioning, two important functional
blocks were analyzed.

For the RF switch, is was shown that substrate-induced HD can con-
tribute significantly the the non-linearity of a common-gate device. The
relative part of the substrate compared to intrinsic device non-linearity
could be estimated with help of a Thru line structure capturing only the
substrate distortion. By comparing two different devices, it was then shown
that a co-optimization of device and substrate non-linearity is needed to
reach highly-linear switches. Finally, the correlation between p, s and HD
leads to the proposition of a specification in terms of p, sy, that is specific to
a device non-linearity.

The most important application being the PA, its sensitivity to a lossy
substrate was investigated. Experimentally, it was demonstrated that a
correlation exists between substrate loss and PAE, suggesting that RF power
dissipation in the substrate takes place. To predict the amount of dissipation,
a combination of waveform analysis, TCAD simulation and custom-made
Matlab modelling was employed. Finally, a model for a substrate resistance
was reached and inserted into a simplified equivalent circuit to predict
the PAE penalty suffered because of the substrate. The results matched
the experimentally observed difference in PAE on two GaN-on-Si wafers.
Finally, the model was used to predict the effect of operation temperature
on the PAE drop.
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After exploring in detail the origin of substrate loss in GaN-on-Si technol-
ogy, engineering the AIN/Si interface to reduce it, understanding the time
dependence of substrate properties and assessing the impact they have
on active circuits, this chapter takes a step back on the thesis. First, the
environmental aspect is discussed. Then, an alternative route is explored
and compared before drawing the conclusions percolating from this work.

The substrate performance of GaN-on-Si is approaching the state-of-the
art trap-rich SOI, with p.¢s above a few k() - cm and high linearity. The
technological landscape for a substrate-sensitive application can thus now
comprise GaN-on-Si. However, in order to help limit the consequences of
the anthropocene, the choice of a certain technology must take into account
its potential impact on the crossing of planetary boundaries. In Section
5.1, the environmental aspect is added as a criterion of choice besides
performance and cost.

In Section 5.2, a different solution to eliminate the substrate-related
issues by porosification of the Si substrate is discussed. A first successful
demonstrator is presented, with its advantages and drawbacks.

Finally, Section 5.3 presents a summary of this thesis along with an
outlook emerging from it.
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Environmental analysis of RF substrates

The scientific content presented in this section is the result of a collaboration with
Benjamin Vanhouche, PhD Student at imec and Vrije Universiteit Brussel at
the date of publication of this thesis. For this reason, the study is presented in a
condensed manner as an outlook. Extensive discussion on the sustainability aspects
of RF substrates will be found in the PhD thesis of Benjamin Vanhouche.

Introduction

The sector of information and communication technologies (ICT) currently
accounts for ~4 % of the total greenhouse gases emissions [134]. This
part can be expected to increase in the coming years with the predicted
increase in electronic devices and connected objects. Limiting and even
decreasing the impact of the sector is critical to respect the goals set by the
Paris agreements. Because manufacturing accounts for a significant part
(about 70 %) of the emissions associated with connected user equipment, it is
particularly relevant to quantify the environmental impact of the fabrication
of these devices [135]. According to [135], ~40 % of the manufacturing
impact of a smartphone can be attributed to the fabrication of the integrated
circuit.

Because this thesis proposes a relatively new technology (namely, GaN-
on-5i) as a relevant choice for RF FEM in terms of RF substrate performance,
it is the responsibility of the development engineers to assess its potential
environmental impact and compare it with other existing or potential plat-
forms. In this way, an environmental criterion can be taken into account in
addition to the performance, power, area and cost (PPAC) when performing
the technological choice.

In this section, different semiconductor platforms with good RF perfor-
mance (existing or foreseen) are compared in a life cycle analysis (LCA).
The place of GaN-on-5i in the spectrum is discussed together with other
Si-based or III-V/III-N technologies.

Scope of the LCA study

A LCA consists in the quantification of the impacts of an object and its cor-
responding inputs and outputs according to one or more indicators, during
the entirety of its life cycle. It includes the production phase, the use phase
and the end-of-life. As discussed above, for connected devices it appears
that the production phase represents the largest chunk of the emissions.



Environmental analysis of RF substrates |

Denomination Starting wafer Additional process steps

Si bulk Si n.a.

FD SOI Si Smart cut process

TR SOI Si Smart cut process + trap-rich layer
GaAs GaAs n.a.

GaN-on-5iC SiC GaN epitaxy

GaN-on-5i Si GaN epitaxy

Table 5.1 RF substrates compared in the life cycle analysis study.

This study will thus limit itself to a so-called cradle-to-gate analysis. The
production phase is considered from the cradle, or the extraction of the
raw materials, to the exit of the product through the gate of the factory.
Because the study of the transistors themselves and their fabrication is out
of the scope of this thesis, the finished product is considered to be an engi-
neered substrate with no devices fabricated on top. It should be noted that
the starting wafer significantly contributes to the overall semiconductor
manufacturing chain.

The RF substrates considered in this study are listed in Table 5.1. For
Si-based technologies, no difference is made between high resistivity and
standard resistivity Si. Because the different technologies compared use
different wafer sizes (ranging from 150 mm to 300 mm diameter), the
functional unit of 1cm? of RF substrate is considered. This takes into
account the energetic advantage of processing large wafers, but assumes
that a given wafer area offers the same functionality for every technology,
which is not necessarily true (e.g., a GaN PA could perhaps take less area
than a GaAs PA).

The technologies are compared according to two environmental indica-
tors.

Global warming potential (GWP). It represents the amount of greenhouse
gases emitted along the fabrication. GWP is expressed in kgCO3 eq.

Abiotic depletion potential (ADP). It provides a quantification of the de-
pletion of the material resources on the planet associated with the
fabrication of the RF substrate. An extensive discussion of ADP can
be found in [136]. It can be best understood by its definition:

DR;/(R;)?

ADP; = — 120
DRref/(Rref)z

(5.1)
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in which DR; is the extraction rate of resource i and R; is the ultimate
reserve of resource i. It can be seen that ADP takes into account
the scarcity of each material. The reference resource is antimony,
meaning that ADP is expressed in kgSbeq. While the ADP of materials
is obvious (extracting materials from the earth crust depletes their
reserves), other more abstract fabrication inputs such as electricity
contribute to it as well. Indeed, the electrical network also uses up
scarce materials.

Life cycle inventory

In order to correctly quantify the GWP and ADP of each RF substrate, a
breakdown of every process step in terms of energy and material consump-
tion and greenhouse gases emission is required. The life cycle inventory
(LCI) is performed for all the technologies under study. Detailed informa-
tion on the LCl is available to the reader in Appendix C, and is summarized
hereafter.

Si wafer

The fabrication of a Si wafer is a complex sequence of steps: material
extraction, purification, doping. Here, the impact associated to a Cz-Si
walfer is taken from the well-established database Ecoinvent [137].

GaAs wafer

Similarly, the GaAs wafer process flow is quite intricate. The most critical
step is the vertical gradient freeze (VGF) during which the ingot is recrystal-
lized. It is a particularly energy-intensive fabrication step. The complete
flow is studied in [138].

SiC wafer

Unlike Si and GaAs, the fabrication of an SiC wafer is not based on purifica-
tion and crystallization of the liquid phase material. Rather, a SiC powder is
sublimated in a high-temperature reactor and transported to the ingot seed.
This physical vapor transportation (PVT) step takes place at temperatures
above 2000 °C. The SiC fabrication is modelled in [139].

GaN epitaxy

Consisting of a single process step, the MOCVD growth of the epitaxial III-N
stack is modelled by considering a growth time of ~3 hours for a standard,
2.5 pm-thick stack in imec’s Aixtron reactor. The energy consumption of
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the reactor, not directly available, is adapted from [140]. The emission of
greenhouse gases such as methane is also considered. For GaN-on-SiC, the
buffer thickness is assumed to be limited to 1 uym owing to the lower lattice
mismatch.

Smart-cut process and Trap-rich layer deposition

The fabrication of SOI wafers relies on the smart cut process, which is
described in detail in [141]. Its many individual steps are not detailed here.
Following internal communications, the seed wafer is assumed to be re-used
50 times before being trashed. This recycling is an important contributor to
the relatively low impact of SOI. The trap-rich layer is assumed to be a 2
pm-thick layer of polysilicon (Poly Si), as described in [9].

All cleanroom-related process steps are modelled within the virtual fab
LCA tool developped at imec : imec.netzero. It includes material and energy
consumption of a wide range of process flows as well as fab models. A
detailed study of a complete process flow using this tool can be found in
[142].

Results and discussion

Following the LCI, the impact of the different technologies according to
GWP and ADP is presented in Fig. 5.1. The impact is split between the
fabrication of the wafer itself (which, for Si bulk and GaAs, is also the end
product) and the process leading to the engineered RF substrate.
GaN-on-5iC emerges as the most impactful of the considered substrates.
With about one order of magnitude more GWP as the rest, it is penalized by
the PVT process which is highly energy intensive. The VGF process is also
the main cause of the relatively high GWP of GaAs. Si-based technologies
benefit from the lower impact of the Si wafer manufacturing. The process-
ing leading to an FD SOI wafer only slightly degrades its GWP compared
to bulk Si. Indeed, the process steps show a limited thermal budget, and
the extensive recycling of the seed wafer reduces its impact by a factor 50.
The high-temperature deposition of the thick Poly Si increases the thermal
budget and thus GWP, with the benefit of greatly improved substrate per-
formance [7]. The p-n passivation technology, not explored here, could lead
to comparable substrate performance with a limited increase in GWP [143].
The high thermal budget of III-N epitaxy makes GaN-on-Si the most
impactful of all substrates using a Si wafer. Here, the additional processing
dominates the GWP over the Si wafer fabrication. Note that the MOCVD-
related GWP is directly proportional to the buffer thickness. Reducing the
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and ADP are indicated and split in the starting wafer fabrication and the additional
processing needed to reach an engineered RF substrate.
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buffer thickness by a factor of two could bring the GWP of GaN-on-Si in
the vicinity of TR SOI while reducing the parasitic dopant diffusion in Si.
However, doing this requires improving the buffer engineering as GaN
crystal quality and vertical breakdown would be degraded.

Overall, ADP follows the GWP trends, owing to the finite ADP related
to the use of electricity and the large reserves of Si material. The only
exception is the GaAs wafer, where large quantities of Ga and As, relatively
scarce materials, are needed. In this respect, the use of thin films of the
II-N or III-V material on a Si wafer shows a clear advantage. As only a ~ 2
pm-thick layer of Ga-containing material is used for GaN-on-5i compared
to the ~700 pm-thick GaAs wafer, the ADP related to Ga is more than 300
times smaller.

In conclusion, from an environmental standpoint, GaN-on-SiC should
be avoided for user equipment due to the highly impactful fabrication of an
SiC wafer. The use of III-N or III-V materials in a bulk fashion (e.g., a GaAs
wafer) is also advised against, as it leads to significant depletion of scarce
materials resources. Instead, such materials should be used as thin-films,
such as GaN-on-5i. However, the Si-based technologies are still superior.
They seem to benefit from their relatively simple (and energy-efficient) pro-
cessing, as well as from the large Si reserves. In the future, the LCA should
be performed under the assumption of a telecommunication infrastructure
application, in which the use phase might have a more significant impact,
favoring highly-efficient technologies. Other indicators such as water usage
and toxicity should also be considered.
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Fig. 5.2 Demonstration of local post-process porosification of Si in AIN/Si struc-
tures. The Si is locally porosified under CPW lines to improve the substrate perfor-
mance.

5.2 Alternative substrate loss mitigation approach: GaN-on-
Porous Si

While this thesis proposes understanding of the physical phenomena lead-
ing to degraded performance and solutions to mitigate them, GaN-on-
Porous Si constitutes a drastic way to suppress all substrate-related is-
sues. As a post processing step, it is possible to locally (e.g., under CPW
lines) transform the monocristalline Si substrate into Porous Si (PSi) [144].
Outstanding substrate performance of PSi has been demonstrated in SOI,
with p,rr > 5kQ) - cm and H2 as low as -115 dBm (for H1=15 dBm at 0.9
GHz)[145].

A local, post-process porosification process is demonstrated by Incize
on AIN-Si wafers fabricated at imec (Fig. 5.2a). The AIN layer serves as an
etch stop, and GaN layers are expected to stay unaffected by the process.
It should be noted that low-resistivity Si is necessary for PSi fabrication.
The RF performance of this demonstrator (Fig. 5.2b) is very competitive, as
expected: p,rr ~ 10k() - cm and H2 is lower than -120 dBm at 15 dBm of

176 |
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Fig. 5.3 Ip — Vp characteristics for a 0.5 pm GalN device. One device is located
above porous Si, one above standard resistivity crystalline Si. The two devices are
on the same wafer. Significant self-heating is clearly observable in the device lying
on top of porous Si.

H1 and at 0.9 GHz.

Following the successful implementation of PSi under AIN, the process
could be performed under a fully processed GaN-on-Si wafer. Similarly to
AIN/Si substrate performance is excellent. However, it is not possible to
reliably use GaN HEMTs on PSi if they are expected to function at a high
power density. Indeed, PSi is a poor thermal conductor. As a consequence,
self-heating in the HEMT is severly degraded, as shown in Fig. 5.3. Some
devices were even seen to fail. PSi is a promising way to suppress susbtrate-
related parasitics under passive structures such as transmission lines or
inductors. However, it is not possible to use PSi under active devices
because of the increased self-heating. Under these regions, other substrate
loss mitigation techniques such as those proposed in this thesis (in particular
in Chapter 2) must be employed.
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Concluding summary and outlook

Concluding summary

This thesis proposed an analysis of the substrate-related parasitic effects
in GaN-on-5i stacks, which must be mitigated to enable high-performance
circuits for future telecommunication generations. The contribution and
impact of the different layers of the stack were successively investigated.

First, after presenting the RF characterization methodology, the HR Si
substrate and the PSC layer were studied. The operation temperature and
HEMT processing steps can significantly affect the substrate performance.
Then, the AIN/Si interface and the AIN nucleation layer were character-
ized using a wide array of methods. A TCAD model could reproduce the
contribution of this interface. The next layer of the HEMT stack is the C-
doped buffer, which leads to a new phenomenon: the time dependence
of substrate properties. Here also, a combination of modelling and novel
characterization techniques allowed to identify the role of C traps. Finally,
the active layers were considered in relation with the substrate. The impact
of a lossy, non-linear substrate on the RF Switch and PA were examined.

Three important scientific questions were raised in the introduction
of this work. They will now be considered in the light of the learnings
emerging from this thesis.

Understanding What are the main contributions to degraded substrate perfor-
mance in GaN-on-5i and what is the role played by the complex epitaxial stack in
it?

There are two main contributions to a reduced effective resistivity and
linearity in GaN-on-HR Si substrates. Firstly, the doping by Al (and Ga)
atoms of the surface of the HR Si substrate can lead to the formation of a
PSC layer. Secondly, the interface charge at the interface between AIN and
Si can be significant and attract free carriers at the Si surface by field effect
which also form a PSC layer (field-induced). Those two contributions are
independent of each other.

The epitaxial stack plays a major role in the substrate performance.
The phenomenon of time dependence of substrate performance (effective
resistivity and distortion), unique among Si-based RF substrates, is caused
by charge redistribution in the buffer. The traps created by C doping emit
and capture free carriers which are able to travel across the buffer, mostly
with the help of extended defects such as dislocations. This causes the
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PSC layer conductivity to slowly and significantly change over time when
the substrate is stressed. Also, the different steps leading to the growth of
GaN layers and HEMT fabrication, by their thermal budget, can modify the
n-type doping of Si.

Predicting To what extent does the substrate affect the functioning and figures
of merit of key target applications for RF GaN-on-Si and what are the substrate
specifications for a limited impact?

The harmonic distortion induced by the substrate can significantly con-
tribute to the non-linearity of an RF switch. By measuring a Thru line with
dimensions similar to a switch, it is possible to isolate the substrate part and
quantify the effective resistivity that is needed for the intrinsic device non-
linearities to dominate the distortion. A co-optimization of the substrate
and the device is needed to reach highly-linear switches.

For the PA, the lossy substrate can couple to the HEMT and lead to RF
power dissipation. This degrades the efficiency by up to 15 points, which
is confirmed experimentally. With a physics-based modelling approach,
it is possible to estimate the degradation as a function of frequency and
substrate performance. Highly resistive substrates are preferred to limit the
power dissipation, except for very high temperature operation.

Improving Is it possible to consistently fabricate high-performance GaN-on-Si
substrates, without relying on long and costly process optimization cycles?

Once the parasitic doping has been optimized by adapting epitaxial con-
ditions, it is important to control the interface charge between AIN and
Si. This interface charge is linearly dependent on TMAI predose, which is
applied before growing the AIN material. In order to cancel out the inter-
face charge for any process window, it is sufficient to produce two samples
with different TMAI predose and make use of the linear relationship that
can be inferred from C-V measurements. A N isolation implant tuned to
cause sufficient damage to the 2DEG region but not too much in the upper
buffer layers then allows to limit the additional charge induced by the many
defects.

Assessing What is the environmental impact of GaN-on-Si compared to other
competing technologies that offer state-of-the-art substrate performance?

In terms of global warming potential and abiotic depletion potential, GaN-
on-Si offers a significant improvement from GaN-on-5iC, which suffers from
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an energy-intensive starting SiC wafer. Compared to Si-based technologies,
in particular trap-rich SOI, GaN-on-5i is more impactful. In order to reduce
its embodied emissions, the GaN-on-5i industry should aim at a reduction
of the epitaxy thermal budget, either by a reduction of the epitaxial stack
thickness or by a lower growth temperature.

Discussion

Reach of this thesis beyond GaN-on-Si

Heterogeneous integration of compound semiconductors on Si is not limited
to GaN. In particular, InP and related compounds are promising materials
with applications well into the mm-wave. There also, a high substrate
performance will be required to meet the application requirements.

More closely related to GaN-on-Si are other integration approached pre-
sented in Section 1.2.1. For GaN-on-50I and GaN-on-engineered substrate,
a relatively thick (10 um) Si film is still used below the III-N layers to allow
successful epitaxy. This thickness is larger than the typical diffusion length
for Al and Ga, which typically reach no more than a few micrometres in the
Si substrate. Interface charge between AIN and Si is not avoided by these
approaches, and buffer charge redistribution considerations also remain.
Consequently, the findings of this thesis can fully be applied to these al-
ternative approaches. It should be noted that the inclusion of a trap-rich
layer below the buried oxide in GaN-on-SOI might only lead to a moderate
improvement of substrate performance. Indeed, the 10 pm-thick Si film is
expected to host the formation of a PSC layer that would not be suppressed
by the trap-rich layer. One solution could be to thin down the SOI film until
it is completely depleted and resistive.

GaN-on-SiC presents the significant advantage of a semi-insulating
substrate, where no PSC layer can exist.

Trade-offs regarding layer thicknesses in GaN-on-Si

This thesis brings forward additional trade-offs that must be taken into
account when designing GaN-on-Si stacks.

Regarding diffusion of Al (and Ga) atoms, increasing the thickness of the
III-N buffer leads to additional thermal budget, which has been linked to
increased diffusion in [49]. If reducing the growth temperature is possible,
it might be possible to grow thicker buffers without a significant thermal
budget penalty.

Modifying the buffer thickness also changes the vertical spacing between
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the CPW line and the conductive Si substrate. The thickness of the epitaxial
stack impacts p.¢s, as shown in Fig. 1.7. However, as the CPW pitch
increases beyond ~ 10pm, this effect becomes limited (a few hundred
() - cm difference between AIN only and a full buffer). For transistors with
smaller pitches between source and drain, this is a more important concern.

The interface charge at AIN/Si interface is not expected to change sig-
nificantly with the buffer thickness. Additional fixed charge in the upper
III-N layers might be thickness-dependent, but can be compensated by
appropriate TMAI predose.

Buffer charge redistribution processes were shown to be almost inde-
pendent of the thickness of the C-doped layers.

Thermal simulations have demonstrated a majoritarian contribution of
the superlattice strain relief buffer to the overall thermal resistance of the
II-N stack. The reduction of thickness in this layer would thus lead to an
increase in the temperature at the Si surface. It is known that the substrate
performance is degraded at temperatures higher than 125 °C so caution is
needed when adjusting this layer’s thickness.

Finally, the thermal budget of III-N epitaxy is a major contributor to the
environmental impact of GaN-on-5i. In order to reduce the GWP and ADP
of the MOCVD growth step, a reduction of the buffer thickness is seen as a
promising approach.

These trade-offs come in addition to the existing ones in terms of crystal
quality and device scaling.

Third harmonic

For long CPW lines (2 mm), the substrate HD is dominated by the second
harmonic. However, for shorter CPW lines and common-gate HEMT de-
vices, the third harmonic becomes significant. The reason for this higher
H3 is not entirely clear at this stage, although some hypotheses exist. Also
at higher H1 power levels more relevant to GaN-on-5Si, H3 can cross H2
even for long CPW lines and become dominant. There, a total HD figure
of merit would perhaps contain a more relevant indication of the substrate
non-linearity.

Correlation between effective resistivity and HD

Such a correlation has been demonstrated experimentally for various types
of III-N stacks, but it is presently not clear why the slope of the p,¢-HD
trendline is different for fully-processed HEMT stacks compared to other
stacks. Also, there is currently no physical argument to explain the particu-
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lar value obtained for the slope.

Outlook

Several future undertakings can be envisioned from this thesis, which
established a solid base for the characterization and modelling of Si-based
RF substrates.

Semi-vertical characterization structures These novel characterization de-
vices constitute a promising methodology to characterize HR Si MI(O)S
structures. With process development and layout optimization, it will be
possible to access the electrical properties of the interface.

Non-linear effect of the substrate on the PA Linearity is a key aspect of the
PA. Similarly to the RF switch, it can be expected that substrate distortion
contributes to PA FOM beyond the first-order power loss considered here.
The quantification of these effects will require integration of a non-linear
substrate model with a large-signal model of the PA. Possibly, the R-C
elements in the meshed equivalent circuit could be made non-linear.

A dimension-agnostic substrate figure of merit Clearly, a limitation of
effective resistivity is its dimension-dependence. When the characteris-
tic dimension of the substrate-sensitive device (CPW, transistor) becomes
small, it cannot be used directly. Here, an evolution of the formalism could
make the modelling task easier and also produce a truly CPW cross-section
independent figure of merit.

Assessment of the environmental impact of RF technologies The LCA
performed at the substrate-level in this thesis opens additional questions
related to the sustainability of RF technologies. Additional indicators, in
particular the water usage, should be included. The study could be extended
to the transistor level, where significant energy consumption takes place
especially for scaled devices. Finally, the functional unit can be improved
and modified depending on the end application (user equipment versus
base station).
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Poole-Frenkel mechanism

This appendix aims to provide a brief description of the Poole-Frenkel
conduction mechanism, which is encountered in several charge transport
phenomena in GaN-on-Si stacks.

Potential barrier lowering

The Poole-Frenkel effect originally relates to the emission or capture barrier
for a trap level in the semiconductor bandgap. In the absence of electric
field, the emission rate of electrons from an donor trap is given by:

Er —E;
kgT '

en = UpOuM; exp (A1)
in which v, is the electron thermal velocity, 0y, is the electron capture cross-
section, ; is the intrinsic carrier density and E; is the intrinsic energy. In
other words, there is a potential barrier for electron emission which is equal
to E7 — E;. When the material is subjected to an electric field, the potential
barrier is lowered as shown schematically in Fig. A.1. As a consequence,
the emission rate in eq. A.1 is modified such that:
en AE PF

e exp kT (A.2)
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A\ 4

Fig. A.1 Energy diagram of a semiconductor material subjected to high electric
field. The potential barrier for the emission of a free carrier from the trap level to the
conduction band is decreased by AEpr.

The potential barrier lowering, AEpr is given by:

3
AEpp = /1 |F|, (A.3)
TTE

in which F is the electric field. Consequently, the emission rate increases
exponentially with the square root of electric field.

Poole-Frenkel mobility

For a wide bandgap material such as GaN or AIN, the number of free
carriers participating in in-band conduction is very low. Then, conduction
can occur via different conduction mechanisms. In particular, under high
electric field, charge transport can originate in emission of free carriers
by the Poole-Frenkel mechanism. The resulting mobility then follows an
exponential dependence on electric field similar to eq. A.2:

¢|E|

U = Ho exp ;B—; exp kfﬁf . (A.4)

The Poole-Frenkel mobility has been found to accurately describe a wide
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variety of vertical transport experiments in GaN-on-Si (see Chapter 3 and
also references [107], [108], [146], [147]) and AIN/Si (see Chapter 2 and
references [67], [87]) stacks.






Conductance method for
interface trap density
extraction

The theoretical background behind the conductance method is described
extensively in [77], [78]. Briefly, the response of interface traps to a small AC
signal imposed on the MIS capacitor gate leads to a measurable loss. The
resulting conductance is given by (in the ideal case of no spatial dispersion
of the trap time constant):

Gp _ qDi

\2
o= el [1+(let) } (B.1)

in which G, is the real part of the admittance after subtraction of C ;5 and
R; (see Fig. B.1) and Tj is the trap time constant. T;; is defined as (in the
case of an electron trap):

=S (B2)
Otp0ns

in which n; is the surface electron density, vy, the thermal velocity, o the
capture cross-section and fj the trap occupation probability. Eq. B.1 is
plotted against w with DC bias as a parameter. An example theoretical
curve is shown in Fig. B.2 The DC bias places the Fermi level at a certain
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Fig. B.1 (a) Equivalent circuit of the AIN/Si MIS capacitor in depletion. The bulk
Si substrate is represented by the series resistance Rs. (b) Measured admittance.
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Fig. B.2 Graphical representation of Eq. B.1.
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Fig. B.3 Calculated parallel conductance curves. Eq. B.1 is used to generate a
theoretical G,, which is put in series with a 175 nm-thick AIN layer capacitance.
Failure to subtract the capacitance of the 175 nm-thick AIN layer before calculating
Gp can shift both the location and height of the peak, sometimes even beyond the
frequency range of measurement.

position in the bandgap, and only traps located close to the Fermi level
contribute to loss in Eq. B.1. The graph then shows a peak at which
D;; =~ 2.5G,/ (qw), which allows extraction of Dj;. The corresponding bias
point then has to be linked to the surface potential to construct the Dj;(¢s)
distribution in the bandgap.

The subtraction of C 4y is particularly critical for thick dielectrics such
as the AIN nucleation layer. Failure to do so and considering directly
extracting Gy as the real part of Yj,;, the measured admittance, can change
both the frequency and height of the G, /w peak, as illustrated theoretically
in Fig. B.3. In Fig. B.4, this peculiarity is shown experimentally for an
AIN/Si sample. While peaks in G,/w are seen in the raw data, they are
shifted to frequencies lower than the instrument’s limit after C 4;y removal .
Subsequent extraction of Dj; can then be severely overestimated.
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Fig. B.4 Measured G/w-f curves for a 175 nm AIN-HR Si sample. (top) without
C ;N deembedding and (bottom) after C4;y deembedding.
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Supplementary information:
LCA of RF substrates

This appendix contains more detailed information on the life cycle inventory
(LCI) for the different RF substrates considered in Section 5.1.

Si wafer

The LCI for the fabrication of a Cz-Si wafer is taken from Ecoinvent. It
comprises the extraction of raw Si0O,, its reduction and purification to
electronic grade, and finally the Czochralski process and cutting of the
ingot. The Czochralski process consists in the introduction of a seed crystal
in the Si melt, and subsequent slow pulling of the crystal to create the ingot.

GaAs wafer

The LCI for the fabrication of a GaAs wafer is taken from [138]. Pure Ga and
As are used to form a poly-GaAs ingot. Then, the ingot is crystallized using
a vertical gradient freeze (VGF) process, where the material is locally heated
to melt on a seed, and progressively freezes as the heated zone moves. For
a single ingot, the VGF process is assumed to last one week. The ingot is
then cut to obtain the GaAs wafers. It should be noted that some Ga is lost
during the process but can be partially reclaimed and reused.
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Due to the energy-intensive VGF process, the energy consumption for
the fabrication of a GaAs wafer is higher than Si, with ~ 265 kW - h per 150
mm-diameter wafer.

SiC wafer

The LCI for the fabrication of a SiC wafer is detailed in [139]. The process
initiates with SiC powder, which is synthesized with the Acheson process
from silica and carbon. The Acheson process consists in a carbothermal
reaction, meaning that SiO, is reduce by carbon at high temperature to
form SiC. The following steps form the so-called physical vapor transport
(PVT) growth of SiC. Because liquid SiC does not exist, the powder must be
sublimated. Then, the sublimated SiC is transported towards a seed, where
a surface reaction takes place to allow the crystallization of a SiC boule. The
sublimation temperature of SiC exceeds 2500 °C, leading to a significant
thermal budget and energy consumption of the VGF step.

The study in [139] considers the growth of 150 mm-diameter SiC wafers,
and takes into account the production of SiC powder (280 kW - h per boule),
PVT growth (16250 kW - h per boule), and finally cutting. An energy con-
sumption of 665 kW - h per wafer is obtained.

GaN epitaxy

For GaN-on-Si, the only additional process step required to reach an engi-
neered substrate starting from a HR Si wafer is MOCVD growth. While
flows of incoming and exhaust gases are available for the reactor installed
at imec, the electricity consumption is unknown. It is particularly important
to quantify the energy consumed for epitaxy as a high temperature is reache
for a relatively long time (~ 3 hours).

In [140], an extensive LCA of III-N-on-Si photovoltaic cells is presented.
From internal communication with Aixtron, an energy consumption value
is presented for a typical epitaxy run. Since the reactor, wafer size and
quantity, and buffer thickness are different from imec RF GaN-on-Si buffer,
the energy consumption must be adapted. It is assumed that the normalized
electrical energy consumption, computed in C.1, can be transferred to the
epitaxial reactor at imec. This assumption probably overestimates the
energy consumption for GaN-on-5i as large-area wafer reactors are expected
to be more efficient. Furthermore, the reactor used in C.1 is a CCS-type
reactor whereas RF GaN-on-Si is grown in a planetary-type reactor.
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Wafer diameter 100 mm

Number of wafers 31

Total area 2435 cm?

Epi thickness 3.53um

Electricity consumption per run 105.06 kW - h

Electricity consumption 1.22x 10 2kW-h-pm~T.-cm~2

normalized with area and
epi thickness

Table C.1 Properties of the epitaxial reactor considered in [140] used to
reach a normalized electrical energy consumption.

For RF GaN-on-Si, an Aixtron G5 MOCVD reactor is considered. This
reactor holds five 200 mm-diameter Si wafers. A III-N thickness of 2.505 pm
is considered to reach an electrical energy consumption normalized with
area of 3.06 x 1072kW - h/cm?.

Regarding the impact of TMGa and TMALI, the precursors used in MO-
CVD growth of epitaxy, the extensive documentation found in [138] was
used.

Smart cut process and trap-rich layer

The process flow used to fabricate a trap-rich SOI wafer is presented in Fig.
C.1. It is detailed hereafter.

(@) A 1pm to 2 pm-thick layer of poly-Si is deposited on the handle wafer
using Low Pressure Chemical Vapor Deposition (LPCVD). This step
occurs at ~ 625 °C. Following LPCVD, a chemical mechanical polish-
ing (CMP) step takes place.

(b) The handle wafer undergoes thermal oxidation in a dry atmosphere
at ~ 850 °C. The total oxide thickness (split between handle and seed)
is of a few hundred nanometres.

(c) The seed wafer also undergoes thermal oxidation.

(d) Hydrogen ions are implanted at a shallow depth (~ 1pm) in the seed
wafer.

(e) The handle and seed wafer are bonded together.

(f) Aheat treatment at ~ 300 °C allows to split the wafers. Then, a second
heat treatment at a higher temperature (above 1000 °C for ~ 2 hours)
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Fig. C.1 Process flow considered for the fabrication of a TR-SOI wafer.
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is needed to strengthen the bond. A second CMP step allows a smooth
surface of the Si film.

(g) The seed wafer is recycled. It is assumed that step (g) can be performed
50 times.

According to this flow, a virtual flow was defined in the imec.netzero
platform (see below). When precise tools or recipes were not available, it
was always possible to find a close approximation.

Electricity mix

The LCA methodology imposes the computation of the global warming
potential (GWP) according to three different scopes.

Scope 1 emissionss correspond to the direct emissions of greenhouse gases
during the fabrication of the RF substrates. These emissions occur
directly at the fab. For instance, exhaust gases from the III-N epitaxy
contribute to the scope 1 GWP.

Scope 2 emissions correspond to the emissions related to the use of elec-
trical energy, which emits greenhouse gases at its production. These
emissions take place at the electricity generation facility.

Scope 3 emissions are indirect emissions. This category takes into account
e.g. the emissions linked to the extraction of raw materials, fabrication
of the bulk wafer or transport of the materials.

For the cradle-to-gate LCA study performed in this thesis, scope 2 and
3 emissions are dominating over scope 1 because the different extraction
and fabrication processes are highly energy-intensive. For this reason, the
carbon intensity of the electricity used in the different fabrication steps
is a particularly important parameter and significantly impacts the GWP
results. As an example, the electricy mix in France or Belgium is less carbon-
intensive than in China because of the widespread use of nuclear energy.
The different substrates in this study can be produced in several different
places in the world, which is why the global electricity mix is considered,
with a carbon intensity of 708 gCO, eq/kWh.

imec.netzero platform

The life cycle analysis (LCA) was performed with imec’s in-house LCA tool
called imec.netzero. It functions as a virtual fab, containing a wide variety
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of semiconductor fabrication tools, process steps and materials. The tool
databases comprises the electrical consumption of the tools, their capacity
and their emission (i.e. exhaust gases). A process step is characterized by a
processing time and the use of a certain amount of materials (i.e. precursors),
the embodied impacts of which are also taken into account.

A process flow consisting of several successive process steps can then
be defined. A model of the fab is finally also included, which comprises
the abatement and yield, among other things. The overall impact of a
given product (in this case, a cm? of semiconductor substrate) can then be
computed.
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